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ABSTRACT
FACULTY OF ENGINEERING, SCIENCE AND MATHEMATICS
SCHOOL OF ENGINEERING SCIENCES
Doctor of Philosophy
HYDRO-IMPACT, FLUID-STRUCTURE INTERACTION AND
STRUCTURAL RESPONSE OF MODERN RACING YACHT
by June Lee
In recent years, faster, lighter and bigger are the key issues in a modern racing yacht
for extreme performance. As a result, many yachts have experienced various struc-
tural failures caused by the hydrodynamic impact or ’hydro-impact’ phenomenon by
slamming.
The structural failure by hydro-impact originates from the facts that the external
hydro-impact load and ﬂuid structure interaction effect is somewhat misled and when
applying the load into current structural design, the ’dynamic’ load is typically, ma-
nipulated in a ’static’ way with ﬂuid structure interaction effect, generally, ignored.
In this thesis, the hydro-impact load by slamming, its ﬂuid structure interaction effect
and dynamic response of the local structure of the yacht are studied.
Firstly, to acquire insight into the hydro-impact phenomenon, a series of drop tests
and seakeeping-slamming tests are carried out with various sensing instruments of
pressure transducers, accelerometer and ’slam patch system’ - a speciﬁc application
form of generally known pressure panel - are installed. The slam patch system is
designed and implemented to investigate the hydro-impact loads and ﬂuid structure
interaction effect of slamming. Afterward, the measured hydro-impact loads are sum-
marised via statistical manipulations with regard to pressure and duration time.
Secondly, impact pressure by the rules and regulations of various organisations are
provided to compare it with the experimental results and structural response calcula-
tions. The applicability of the rules and regulations on the high performance racing
yacht is also pointed out.
Finally, the manipulated loads are used as input data to simulate the transient
response of local structure of the yacht structure.
Throughout this study, the dynamic and ﬂuid structure interaction effect by hydro-
impact phenomenon on local composite structure can be easily visualised and calcu-
lated in a conservative way through conventional ﬁnite element analysis work.Contents
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INTRODUCTION
1.1 Background
1.1.1 Motivation
In several decades, sailing market has claimed higher speed, higher performance
racing yacht to win in numerous races. Exotic, lighter and stiffer materials have been
introduced to yacht design and building industries and the higher performance racing
yacht has been achieved through lighter and stiffer structure. Meanwhile, as the en-
vironment of race gets harsher and aspiration of sailor to speed gets higher, structural
failures of the racing yacht also have been increased because of the tendency to adopt
the extreme lightness into the structure, the typical example is the carbon-honeycomb
sandwich structure used in several ORMA 60 trimaran. Severe failures in structural
member of racing yacht have been reported from various media sources. Note that,
based on their testimonies, the series of failure events by slamming in yachting world
is difﬁcult to quantify, however, it can provide the fundamental background or infer-
ence of the causality.
Exemplar case is what happened in America’s cup campaign where ’Young Amer-
ica’ experienced a catastrophic hull failure in their amidships, shown at Figure 1.1, by
a few series of large waves [19],
’She was sailing in New Zealands Hauraki Gulf at 9 knots, in about 20 knots of wind,
when, while tacking from port to starboard, she hit a series of three large waves. The impact
of the ﬁrst wave slowed the boat from 9 to 3, and caused all onboard computers to crash. By
the time the third wave passed, the boats side decks had buckled, the topsides had torn, and the
hull had folded up... About a week before the accident, the team suspected delamination and
repaired it... After the start of the race, the crew noticed the repaired area were starting to show
1abnormal movement...’
In Volvo Ocean Race, and Sydney-Hobart Race, various severe failures at hull,
appendages and rigs by various reasons have been reported.
One example is the keel failure in Sydney-Hobart Race, shown at Figure 1.2 [84],
’...Wharington described the series of events: “we were sailing on port tack, and we landed
on a rogue wave, the hydraulic keel rams broke and the keel swung over to one side. The boat
lay over on its side...”’
AnotherexampleistheexperienceinrecentVolvoOceanRacewherethetestimony
of structural failures of hull structure and internal structure by slamming and even
difference between sailboat and powerboat can be inferred is reported that [10],
’...”A lot of it comes down to how the crews handle the boats,” he says, talking about how
damage to the forward sections might occur. “You’ve got to make sure the boat doesn’t come
off a wave when it’s ﬂat, because no matter what it’s built of it’s going to break if you do that.
You’ve got keep the boat heeled over so it comes down on the turn of the bilge. Then you’ll
come down on a corner, which is stronger. If you ask me, it’s the good crews that keep their
boats in one piece.” “Looking at the video of ’Telefonica [Black]’ when she broke, she was al-
most bolt upright when she came off the wave. I’ve seen video of ’Ericsson 3’ too and she
was upright in a few of those and you just can’t help thinking, oh no, you’ve got to be careful
here.” ’Green Dragon’ skipper Ian Walker agrees : “We were very aware that you had to slow
down. ... One of the biggest mistakes is sailing too high and too upright and slamming on
the ﬂat underwater section. You have to keep sailing on the turn of the bilge...” ...The han-
dling of the boat is crucial : “When you’re nursing the boat it’s nearly all about speed and heel
angle. Upwind it’s easier, but downwind it’s more difﬁcult as you’re more likely to land ﬂat...”’
Interestingly, through the insight of the various reports, it is expected that the
structural failures of the sailing yacht are not only dependent on the severity of sea
itself that the boat sailed but also depend on the relationship between the characteris-
tics of the material/structure and the severity of the sea, so to speak, the slamming and
structural response. However, the exact mechanism of the response of racing yacht to
slamming is still beyond designer’s expectation since most of the structural design
criteria are based on static-wise approach, not based on the real dynamic situation be-
cause of the uncertainty and complexity of the matter. The static approach can easily
be found in typical powerboat design [43] [44] [42].
The ignorance to this dynamic approach in yacht design are shown at following
examples. One example of failure by wave impact can be found in recent TransAt
2Jacques Vabre Race 2005 which says [81],
’...Sodebo (boat name, ORMA 60 trimaran) is more complex. Thomas Coville’s boat suf-
fered a lateral impact from a large wave against its windward ﬂoat, resulting in its virtually
instantaneous rupture. It’s likely here that the honeycomb core, with its sensitivity to impact,
was the cause of the rupture. A foam core would probably have avoided this problem, but this
would have been heavier and, at the time, wouldn’t have allowed prepreg construction...’
Another one is such that French composite engineer Herve Devaux who is closely
involved in the engineering of Juan Kouyoumdjian’s second Volvo 70 for ABN AMRO
[82],
’The stresses applied by the appendages (keels, daggerboards, foils, rudders) are also rela-
tively well met by calculation, though there remains some uncertainty as to dynamic loads -
this can only be resolved through measurements taken at sea. As for the stresses caused by the
sea, those provoked by the hull dynamics are well managed, while those due to the impact of
the waves are more random; progress has been made but unfortunately a better understanding
is only achieved through breakage. i.e. empiricism...’
Finally, designer Juan Kouyoumdjian testiﬁes structural dynamics of sailing yacht
failure as [82],
’...Most of the problems have arisen because these boats are too stiff. You can’t ﬁght against
these deformations. You have to design a structure to accept them. To do that, you must quan-
tify them and that’s the problem we have. I remember saying very early on that, these had to be
ﬂexible boats. We had discussions in the ofﬁce about cars having suspension and asking where
we can put in some energy-absorbing structure. Obviously we haven’t found the answer yet...’
It is not easy to quantify the value of this uncertainty - the dynamic response,
because of the existence of strong non-linearity of the load, ﬂuid structure interaction
effect and dynamic approach in structural design. This is the assignment burdened to
designer to solve as racing yacht demands higher performance.
1.1.2 Academic History
The classic deﬁnition of slamming can be found in various sources, for example,
quoting the deﬁnition by Bishop and Price [72],
’...its forefoot lifted clear of the water surface. Provided the relative velocity of the ship’s
bottom and the sea surface is large enough, the vessel will ’slam’ when its forefoot re-enters the
water. That is to say, an impulsive loading will be applied which will make the ship shudder
and may well cause damage....’
3According to Lloyd [50],
’...In high waves the motions may be so large that the forefoot and propeller are exposed...
The re-entry ofthe keel after emergencemay result in a substantialimpact or ’slam’ asthe ship’s
bottom strikes the water surface... Even moderate slamming will cause the hull to vibrate as
its natural frequency and... ’
Typically, the slamming accompanies emergence of hull out of the water surface
and re-entry and impact to water surface with severe ’bang’ sound of shock load.
Slamming is the typical hydrodynamic impact or abbreviately hydro-impact which
also includes sloshing, wet deck by green water. Since impact itself is highly dynamic
phenomenon, hydrodynamic impact is abbreviated to hydro-impact throughout this
study.
Hydro-impact by slamming has been well studied in planing boat ﬁeld than ship
or yacht design area. The pioneering research works were carried out by von Karman
[91] followed by Wagner [33], Ochi et al [55], Stavovy and Chuang [86] [12], Korobkin
et al [4] [1], Heller and Jasper [30], Allen and Jones [76], Fridsma [27], Savitsky [83]
and Faltinsen et al [60] [67] [68].
The studies by von Karman and Wagner were based on the two dimensional plate
analogy, they idealised the impact problem as a two dimensional wedge entry on the
calm water surface to estimate the hydro-impact pressure known as the linear slam-
ming theories. In both studies, the force acting on the edge which impacts the wa-
ter was considered to be equal to that acting on a ﬂat plate off variable instantaneous
width. von Karman’s impact model was known as momentum impact since his model
was based on momentum conservation, i.e. the momentum before the impact must be
equal to the sum of the wedge momentum and added mass momentum. Because Kar-
man’s theory neglected the water surface elevation, the added mass and load were
underestimated.
Wagner’s theory was simple and more realistic such that measured peak pressure
istypicallyalittlelowerthanhistheoryandgivesconservativeestimationforpractical
use. Wagner assumed the if deadrise angle of the wedge is small and the gravity is
negligible, the ﬂow under the wedge could be approximated by the ﬂow around an
equivalent ﬂat plate in uniform ﬂow with a velocity. The velocity potential and its
derivatives, therefore, are given and the impact pressure on the wedge is determined
from Bernoulli’s equation.
Ochi et al also suggest analytical approach on slamming phenomenon where the
4role of air entrapment and compressibility are found. In his study of slamming theory
including air entrapment, linear slamming theories are found not suitable for deadrise
angle less than 3 because of the existence of air entrapment and compressibility of
water.
Korobkin et al develops two, three dimensional and shallow water impact theories
considering compressibility and free-surface deformation. All these works done by is
to ﬁnd the hydrodynamic pressure in theoretical way. For parabolic bodies dropping
on the calm water surface, he derives the impact pressure simply p = wcwVi, where
w, cw, Vi are density, speed of sound and impact velocity respectively.
Since the phenomenon itself is so complicated, the subject has been studied in
experimental way such that full-scale and model-scale tests have been carried out in
parallel to the two dimensional drop tests. Slamming theory on high performance
powerboat starts from the work of Heller and Jasper [30]. They instrumented and
obtained data on aluminium hulled torpedo boat (YP110) and used this data as the
basis of the empirical aspects of load calculation.
Allen and Jones [76] performs theoretical and semi-empirical work based on the
results of complete full-scale trails on two boats. The goal of their work is to develop
a method for the calculation of equivalent static loads on the bottom structure of plan-
ing hull forms. This work circumvents the uncertainties in the structural design and
permits a reasonable calculation.
Savitsky [83] [18] and Fridsma [27] did extensive model test on planing craft in
waves. Savitsky synthesised large amounts of experimental data and combined this
with theoretical models to formulate a semi-empirical iterative method for prediction
of lift, running attitude, resistance and porpoising stability, for planing craft in calm
water. Fridsma conducts studies of the vertical accelerations of a systematic series
of planing hulls. He varied length/beam ratio, deadrise, loading, trim angle, speed
and sea state. This work expands the range of hull proportions for which vertical
accelerations and bottom loadings can be calculated.
Stavovy and Chuang [86] carried out a full analytical approach to determine wave
impact slamming pressures on all types of ship hulls. Their method is based on
the Wagner wedge impact theory, the Chuang cone impact theory and experiments.
Faltinsen at al, carried out a series of drop test. So far, the works of them are con-
centrated mainly to ﬁnd hydro-impact pressure and have become the foundation of
typical powerboat design methodology.
On the other hand, structure - oriented approaches are also carried out such as
5Spencer [45], Koelbel [42] and Joubert [64]. Koelbel recommended a modiﬁcation of
the design procedure of the traditional design methodology whereby the selection
method of vertical accelerations and uncertainty are taken into the modiﬁcation.
In the meantime, the hydro-elastic or FSI oriented approaches had been done by
pioneering works in early 1970s such as Sellars [25] [26], Bishop and Price [74] [56]
[72] and Haszpra [29].
Sellars et all studied the inﬂuence of structural elastics on maximum slamming
pressures. He suggested that impact pressures depend in part on the stiffness of the
hull structure. R.E.D. Bishop et al estimated slamming responses by the methods of
linear dynamics for ship structure. Haszpra summarised the hydro-elastic problem
from similitude, experiment methodology and testing technique.
Recently, Faltinsen et al [39] [23] [58] [21] [7], Bereznitski [8], Scolan and Korobkin
[93], Ros´ en [79] [80] [78] and Kapsenberg et al [48] shows a representative research
work on the hydro-impact, FSI and structural response. Faltinsen et al carried out
the study on the inﬂuence of hydro-elastics on local slamming loads and structural
responses They found that the hydroelastic effect is important such that the maxi-
mum stress is not sensitive to where the waves hit and measurements of peak pres-
sures during slamming do not give any useful information about maximum stresses.
Bereznitski examined hydro-elastic effect with parameters of stiffness, air entrapment
and deadrise angle. He found that the ratio between the impact duration and the
period of ﬁrst mode of vibration of dry structure is the key factor in taking the deci-
sion when the solution of the structural response should include hydroelastic effects.
Kapsenberg et al found the hydro-impact pressure and global response on passenger
ship model with an array of pressure transducers and strain gauges. he concluded
that there is hydro-structural interaction but no important hydro-elastic effects in his
case. Rosen investigated the hydro-impact and structural responses of planing craft in
waves.
This area now plays one of the key roles in the structural design of ships and boats.
However, the research work on the subject in the yacht design ﬁeld is relatively rare
since slamming of racing yachts is a relatively new research ﬁeld by the demands of
high performance racing yacht.
Joubert investigated the pressure load through the inference of hull plating defor-
mation[63][64][65]. Hesuggestedatleast350kPaofpressureforthebottomplatingof
6yachts of about 13 m length overall which is about ﬁve times the pressure required by
theABSORYguide. Manganellietal[62]studiedtheslammingphenomenononOpen
60’ using pressure panel system. In their study, they carried out drop and seakeeping-
slamming tests and found that the loads originated by slams in waves were generally
lower than those observed in the drop test whereas equal impact velocities could oc-
casionally induce similar pressures. Reichard [75], Hentinen and Holm [31], carried
out some full-scale measurements by instrumenting sailing boats with pressure trans-
ducers. Their results show that the slamming loads are high and exceed the levels
commonly expected. There is a signiﬁcant load area reduction but this is not as steep
as the ABS guide assumes.
Nevertheless, the works on this hydro-impact problems are still under research
in the world especially, in the yacht industries since there are still many structural
damages which is suspected to be originated by the slamming phenomenon. The typ-
ical methodology of structural design in terms of structural dynamics under impact is
still based on static approaches and most of the published research about slamming
on yachts has concentrated on the deﬁnition of suitable equivalent static pressure
whereas ship design area is attempting to ﬁnd the real responses under real hydro-
impact load theoretically or experimentally.
71.2 Objective and Methodology
Dynamic behaviour of sailing yacht in rough weather is being new design
paradigm in design community. This is a typical dynamic (transient) hydro-elastic
problem in terms of hydro-impact load. This dynamic response would be important
factor for serious high performance racing yacht to manage the weight of boat and
structural integrity at the same time to win races.
This study challenges the dynamic approach with the modeled hydro-impact load
from experiments to investigate the difference between the static and dynamic ap-
proach and to realise the situation that the boat encounters in the ocean. To quan-
tify the hydro-impact load and associated characteristics, drop test and seakeeping-
slamming test will be prepared. In addition, comparing the test and dynamic ap-
proach results to the rules of structural design will be carried out to suggest a recom-
mendation to structural design of yacht with regard to the structural dynamics with
ﬂuid-structure interaction effect.
1.2.1 Objective
The objectives in this study is to satisfy the demands of the common questions
issued by design community like,
 How to measure the hydro-impact load?
 What is the maximum hydro-impact load by the slamming to a given yacht?
 What is the role of ﬂuid structure interaction effect?
 How do the rules and regulations on high performance work?
 What is the difference in response to static and dynamic load?
The objectives and process of this research is constituted in three phases to follow
the pre-mentioned questions such that,
1. Clarify the hydro-impact of slamming by experiments with Open 60’ model ;
(a) Deﬁne the variables,
(b) Establish adequate experiment setup,
(c) Quantify the characteristics of hydro-impact to give an insight.
82. Assess the regulatory organisations’ rules to review the current design methods
in the community ;
(a) Select organisations,
(b) Evaluate and compare the results of the rules.
3. Verify the dynamic behaviour of the structure under the various loads ;
(a) Assess the dynamic responses of yacht’s structure based on the experiment
results and rules,
(b) Suggest structural design recommendation with regard to structural de-
sign.
1.2.2 Methodology
To fulﬁll the objectives, the following methods will be implemented.
1. Instrument ;
(a) Pressure transducer and slam patch system 1are considered,
(b) Design and analyse the slam patch system,
(c) Networking the instrument system.
2. Carry out experiments and assess the slamming phenomenon ;
(a) Carry out drop and seakeeping-slamming tests and measure the hydro-
impact pressure, acceleration,
(b) Measure the hydro-elastic effect,
(c) Assess the characteristics of hydro-impact in stochastic way - magnitude of
pressure, duration time, impulse shape and quantity, FSI effect, etc.
3. Evaluate rules and regulations given by ﬁve organisations ;
(a) Calculate the design of by ISO, LR, BV, DNV and ABS with regard to the
yacht structure design,
(b) Compare the calculation results,
(c) Compare the methodologies given.
4. Simulate the structural response to various load cases ;
1Refer to Chapter 2.2 Slam Patch System for detail
9(a) Calculate the response to organisation’s load,
(b) Calculate the response to the hydro-impact load by experiments,
(c) Realise the FSI effect in a simple way,
(d) Compare the responses,
(e) Suggest design recommendations in terms of structure integrity.
The simulation of the structural response will be based on commercial ﬁnite element
analysis program. Before carrying out the simulation on a Open 60’ boat, a couple
of veriﬁcations will be performed to grasp the general phenomenon and to verify the
simulation method.
10Figure 1.1: Midship fracture in America’s Cup
Figure 1.2: Keel failure in Sydney-Hobart Race
11Chapter 2
EXPERIMENT ON
HYDRO-IMPACT OF SLAMMING
The objective of this experiment is to investigate the hydro-impact characteristics
of the slamming phenomenon. In this study, the hydro-impact is characterised as a
pressure impulse which has typical characteristics of,
1. Peak pressure,
2. Duration time,
3. Impulse shape,
4. Fluid structure interaction (FSI) effect.
Figure 2.1 shows graphics of this characteristics.
First of all, adequate measuring method and related hardware to measure the char-
acteristics are studied. To include the FSI effect and to ﬁnd the trend of pressure over
unit area, a special measurement system is implemented which is designated ’Slam
Patch system’, a special application form of pressure panel. Details of methodology
and hardware are described in following sections.
122.1 Measurement Methodology
2.1.1 Comparison of Measurement Methods
There are various methods to measure or to deduce the external pressure in naval
architecture where, commonly, four different sensors are available [50] [47].
 Pressure Transducer,
 Pressure panel (Panel which is capable of measuring pressure over an speciﬁed
area),
 Strain gauge,
 Accelerometer.
Each method measures different characteristics of external pressure. However, for
the sake of structural design of a yacht, ﬁnding a pressure over an unit area is im-
portant to determine the scantling of the related structure, for example, hull-bulkhead
joint. The issue remains, when using these methods, is how to exactly measure the
pressure or how to convert the measured signal into what is useful to structural de-
sign of yacht?
The simplest way to acquire pressure is by a pressure transducer or array of pres-
sure transducers in model tests or full-scale tests. Alternatively, at model-scale, pres-
sure can be measured by isolating a small section of structure and measure the pres-
sure on this small section with a pressure panel. In this case, the pressure panel is a
slam patch. This slam patch is sized to correspond to a speciﬁc unit area. The panel
area of the hull bottom which is in-between stiffeners is the typical example. On the
other hand, a strain gauge or an accelerometer can be attached to the structure in the
model tests or full-scale tests to deduce pressure by measuring the structural response.
In other words, pressure can be determined indirectly by measuring the structural de-
ﬂections or accelerations to the actual or scaled structure or directly using Slam Patch
and pressure transducer. It is important to recognise that each of these methods mea-
sures different physical quantities and that there is no necessary relationship among
the quantities.
The different physical quantity of each measurement methods are,
1. That the pressure transducer measures pressure on a small area without hydro-
elastic effect since pressure transducer has its own high natural frequency and
13small diaphragm area. The transducer is capable of measuring peak pressure
when the peak pressure occurs at the location of pressure transducer, otherwise,
it does not.
2. That the slam patch measures instantaneous pressure with hydro-elastic or FSI
effect over an arbitrary wide area which is larger compared to pressure trans-
ducer’s diaphragm. The load cell in slam patch is more likely to catch the peak
pressure. Furthermore, the measured signal may contain not only the external
pressure but also the natural behaviour component of slam patch which is cou-
pled with external pressure, if it is designed to do so.
3. That deﬂection or acceleration measured by strain gauge or accelerometer de-
pends on the mechanical properties and scantling of the structure. Therefore, for
the model test, the model structure must be adequately scaled down from full-
scaled one with a known Frequency Response Function (FRF) or for a known
structure, the measured signals must be manipulated to deduce the pressure. In
either case, it is not an easy task to carry out.
It is also important to study the pros and cons of each method to select adequate
measurement method and hardware. The following is a summary of pros and cons of
each measurement method.
1. Pressure transducer
 Pros
– Has relatively high natural frequency to pressure panel in order of thou-
sands Hz,
– Measures instantaneous pressure,
– Measures net hydro-impact pressure without ﬂuid structure interaction ef-
fect,
– Propagation of pressure can be detected with array of transducers,
– Easy to install.
 Cons
– Measures pin-point pressure, so may miss the peak pressure,
– Pressure over area is deduced with array of transducers where mathemati-
cal process is needed which highly depends on peak pressure condition,
– Expensive.
142. Slam Patch
 Pros
– Has relatively low natural frequency in order of hundreds Hz,
– Measures pressure over arbitrary area,
– Can exclude or include FSI effect by design,
– Mathematical process may not needed to deduce pressure over area,
– Distribution of pressure can be detected with array of Slam Patch,
– Cheap.
 Cons
– Accuracy problem in manufacturing,
– Propagation of pressure within panel area can not be detected,
– Difﬁcult to install.
3. Strain gauge, accelerometer
 Pros
– Structural response or acceleration is measured,
– Easy to install,
 Cons
– Deduce pressure from structural deﬂection or acceleration,
– Pressure over area is difﬁcult to infer,
– Need sophisticated ﬁltering process.
In this study, two methods will be implemented to measure the hydro-impact pres-
sure. Pressure transducer and slam patch are the main instruments and additionally
accelerometer is used to extract extra information from the tests, if needed.
2.1.2 Consideration of Fluid-Structure Interaction
Every structure has its own natural characteristics such as the natural frequency
and natural mode in vacuo or dry mode. It is also generally known that when a struc-
ture is in contact or immersed in the water or in wet mode, the natural characteristics
of the structure change. Since the boat is in service on the water surface, part of hull
structure is always immersed in the water and has natural characteristics in the wet
15mode. When the natural characteristics of a structure in dry mode transform to the
different natural characteristics in wet mode, it is known as FSI or hydro-elastic effect.
Generally speaking, since the structure is in a wet mode, natural frequencies in the dry
mode drop and natural modes change into the ones in wet mode . Later in this study,
it is found that when the structure is in wet mode, natural frequencies, natural modes
and related frequency response function change, i.e. the shape of frequency response
function changes.
However, with regard to the hydro-impact phenomenon, the nature of the phe-
nomenon is an impulse which is strongly dynamic and transient. As the load is dy-
namic, theresponseofstructureisalsodynamic. Onedistinctdifferencebetweenstatic
and dynamic environment is ’frequency dependency’ or ’relativity’ between structure
and excitation in terms of time such that the response depends on the duration time of
excitationasthebaseofstructure’snaturalbehaviour. Forexample, whentheduration
time or frequency content of external load matches with one of the natural frequencies
of the structure in a way, the response is magniﬁed by the resonance phenomenon
[54]. Thus, the response of the structure under the hydro-impact will be governed by
the FSI effect and its relativity.
This FSI effect problem has been recently recognised in the yacht design commu-
nity especially, for the trans-ocean racing yacht. At the moment, when designing the
yacht’s structure, there are no standard for the calculation of the transient response.
Instead, static load is applied directly into the structure in the dry mode in ﬁnite ele-
ment analysis calculation and hence the dynamic response is omitted and substituted
by the static calculation. However, recent structural damages suggests that the de-
sign community should speculate as to the reasons for the damage and lead to the
suspect that they are the structural dynamics and ﬂuid structure interaction effect [81]
[82]. Since the high frequency structural wave dissipates in a short distance and low
frequency structural wave travels relatively longer distances, in terms of global and
local hydro-elastics, low frequency would dominates the global response and low and
high frequencies would determine the local response, i.e. bending wave and near-ﬁeld
wave [16].
To understand the dynamic response of a structure with the FSI effect included at
a local basis, the structure is on the water surface and the transient load by hydro-
impact experiment is then applied. For this purpose, the commercial Finite Element
Analysis (FEA) program ANSYS is available to analyse the structure under the condi-
16tion. In this program, the water or ﬂuid domain is represented by the acoustic wave
equation or its matrix form which then calculates the acoustical pressure. This acousti-
cal pressure matrix is combined with the structure matrix at the interface between the
ﬂuid and structure. The matrix of whole system is then solved. The brief calculation
procedure for FSI effect in ANSYS is described at Appendix A.
2.1.3 Experiment Setup
For simplicity, the experimental setup is described in advance without the details
of the slam patch. To investigate the characteristics of hydro-impact by slamming,
drop test and seakeeping-slamming test are arranged on the model of an Open 60’
racing yacht. The foreward bottom area of the model is selected and pressure trans-
ducers and slam patches are installed. pressure transducers are installed around the
slam patches and where a Slam Patch cannot be attached shown at Table 2.1 and Fig-
ure 2.4. Static calibration is carried out on pressure transducers and slam patches to
determine the calibration factors. On the other hand, since the structure of the model
is not scaled down from the full-scale boat and limitation makes it difﬁcult to carry
out dynamic calibration, an accelerometer is excluded in measuring the hydro-impact
signal to deduce the pressure. Instead, the accelerometer is used as an extra sensor to
conﬁrm the consistency of structural vibration and to deduce impact velocity on the
basis of the manufacturer’s calibration factor.
Modal testing is carried out to ﬁnd the shape of FRF of force transmissibility. Fur-
thermore, in the case of the seakeeping-slamming test, pendulum tests are performed
to estimate the vertical centre of gravity and pitch radius of gyration to ﬁt the model
to the full-scale Open 60’ yacht.
DroptestisarrangedinthetowingtankoftheUniversityofSouthamptoninsucha
way that the rear ends of the boat are ﬁxed by strings and fore end by electro-magnetic
release. To minimise the vibration effect and longitudinal motion, a set of strings are
used. By changing the vertical location of electro-magnetic, the drop height can be
adjusted. Thus this is not a vertical drop test, instead it is rotational drop test which is
more realistic at sea. A potentiometer and accelerometer are attached to measure the
drop height, impact velocity and acceleration. The view of the test setup is shown at
Figure 2.8.
For the seakeeping-slamming test, the boat is towed in the towing tank of the
Southampton Solent University with the wave of up to 0.2m which corresponds to
171.4m full-scale wave height. The wave frequencies are from 0.4Hz to 0.9Hz with in-
crement of 0.05Hz where the resonance in pitch/heave motion exist in-between as
revealed in previous study, where the speed of boat was 1.71m/s which corresponds
8.8 knots in full-scale [41]. Three different boat speeds are arranged on the upright
position of the boat at which the maximum hydro-impact pressure is expected.
Thelocationswherepressuretransducersandslampatchesareinstalledareshown
at Figure 2.4, which covers the fore-body bottom area. Red and black dots are slam
patches’ and pressure transducers’ respectively. The stations where the sensors are
installed are at below Table 2.1.
Table 2.1: Stational location of pressure transducer and slam patch in drop and
seakeeping-slamming tests
Pressure transducer Slam patch
Station No. 2.25, 2.75, 3.25, 3.5, 4.25 2.5-3, 3-3.5, 3.5-4
Table 2.2 and Figure 2.5 are the summary of major instruments and their network.
The measured signals are stored in computer and then processed in MATLAB using
Fast Fourier Transformation (FFT) method. The further details of model tests are de-
scribed in the later sections.
Table 2.2: Major measurement instruments and network
Instrument Model Manufacturer Range
I/O card PCM-DAS08 Measurement Computing 24 kHz
Data acquisition Labview 8.0 National Instruments S/R 3125 Hz
Data acquisition Turboad Wolfson Unit S/R 1553 Hz
P/T RDP A105 RDP  344.7 kPa
S/P Kistler 9712BE250 Kistler  40 kPa
Accelerometer Endevco 2256-100 Endevco  50 g
Signal Process MATLAB MATLAB
182.2 Slam Patch System
In this section, details of slam patch are written with regard to design, dynamics
and FSI effect.
2.2.1 Background of Slam Patch
The slam patch system is design and constructed by Manganelli and Elliott et al
[62], [41]. Their purpose of the slam patch is to measure the external hydro-impact
pressure over an arbitrary speciﬁed area. In their study, the slam patch system was
assumed as 1-DOF system. Furthermore, to achieve this goal, the system must give a
constant gain of 1 within the frequency range of interest. For example, if the frequency
contentofanexternalpressureisupto100Hz, thesystemmustprovideaconstantgain
of 1 within this frequency range of 100Hz such that the external pressure is identically
measured without any additional effect which is mostly caused by resonance (and any
of broad band excitation) of the measuring system. If there are any resonances in the
system within the frequency range of interest, the external signal is magniﬁed or dis-
torted by the resonance and it is difﬁcult to procure the identical signal. This is where
the difﬁculty lies to design an adequate slam patch system.
There are two ways to design the slam patch to measure two different characters
that,
1. When measuring the pure external pressure as pressure transducer behaves,
(a) The ﬁrst resonance mustbe far beyond the frequency content ofthe external
signal,
(b) Within the range, the gain must be 1 to measure identical signal.
2. When measuring total response as the accelerometer behaves,
(a) If the slam patch system is a model of the local structure of full-scale in term
of FRF, i.e. FRFslam patch = FRFFull-Scale, then measured signal is total response of
the local structure as accelerometer does. However, in this case, the system
has a speciﬁed area of interest, the signal is limited in this area unlike the
accelerometer,
(b) Since the FRF is known, it is possible to separate the components of the
signalintotwocomponentsbyﬁltering-theexternalpressureandcoupling
component (resonance component if resonance is exist in the system).
19In this study, both aspects are concerned, mainly concentrated to the former one.
Structural design of the system is carried out based on statics and dynamics. After
construction of the system, modal testing is carried out in dry and wet modes to verify
the dynamic characteristics and the FSI effect.
2.2.2 Design of Slam Patch
In their study [62] [41], since Maritime Research Institute Netherlands (MARIN)
indicated a pressure of approximately 200kPa and the designers of the Open 60’ are
using 350kPa including the materials safety factor, 250kPa is selected and scaled down
to model to design slam patch. The panel area of slam patch where the pressure will
be applied is decided as 80mm long, 80mm wide and small bridge structure is taken
to install load cell. The area of slam patch is scaled down from the area of proto-
type rectangular panel in the Open 60’ boat. However, because the rectangular shape
is expected to be vulnerable to bending and natural frequency control, square shape
is selected and only the area is ﬁxed and scaled from the prototype panel. The ma-
terials for the construction of the system are E-glass woven roving reinforcement and
polyester matrix. After static structural analysis, following speciﬁcation is determined
for the construction.
 Conﬁguration,
– Static design load : 35.7kPa in model-scale (250kPa in full-scale),
– Conﬁguration : pressure panel part + bridge part,
– Scantling of pressure panel : 80  80  2 (mm) (square plate  minimum
thickness),
– Scantling of bridge : 25  25  15  2 (mm) (length  width  height 
minimum thickness).
 Materials,
– Reinforcement : 293 g=m2 E-glass woven roving,
– Matrix : polyester resin.
 Lamination,
– Laminating method : hand layup + vacuum,
– Laminate orientation : 8 laminates with 45, 0/90, 45, 0/90, 0/90, 45,
0/90, 45 (symmetry),
– Fibre weight fraction (Wf) : 0.5,
20– Matrix weight fraction (Wm) : 0.5.
 Mechanical properties : refer to following Table 2.3
Table 2.3: Mechanical properties of laminate of slam patch
Mechanical properties E-glass Polyester Unidirectional laminate
Young’s modulus, E (GPa) 72 2.5 15.8
Shear modulus, G (GPa) 29 3.4 4.09
Poisson’s ratio,  0.2 0.38 0.345
Density  (kg=m3) 3800 900 1455
The calculated mechanical properties is also used in the dynamic analysis of slam
patch. The detail of calculation of the mechanical properties is re-checked and pre-
sented in Appendix B. Figure 2.6 shows schematic conﬁguration and prototype of the
slam patch in this study.
2.2.3 Dynamics of Slam Patch in Dry Mode
In previous study [61], the slam patch was assumed as 1-DOF system where only
load cell in the slam patch gives 1-DOF movement. In this study, different approach to
analyse the slam patch system is attempted which assumes that neither the slam patch
system is 1-DOF system nor the behaviour of slam patch is governed by the load cell
since the slam patch system is expected to behave as cantilever column where at free
end, the slam patch i.e. a mass, is attached.
Numerical calculation using ANSYS is carried out to ﬁnd the natural behaviour
of slam patch with suitable boundary condition including a connecting rod. The me-
chanical properties are the same as the static calculation. Since ANSYS does not pro-
vide an element for woven laminate, a woven laminate is assumed as a combination
of two unidirectional laminates using the SHELL99 element and the connecting rod is
modeled by the SOLID92 element. However, shear modulus and Poisson’s ratio in the
minor direction i.e. Gyz, yz are needed using SHELL99 element and for this purpose,
the properties are assumed by Halpin-Tsai equation [14]. Modeling of slam patch and
mode shapes are provided at Appendix C. Table 2.4 are natural frequencies up to four
modes with various connecting rod lengths.
It can be seen from the calculation result that the natural frequency of the panel
part which is a square plate is high enough, order of 1000Hz, to avoid any expected
resonance of up to 300Hz, corresponding duration time is 5 msec for the case of half-
sine impulse. Since it was expected in the ﬁrst design stage of slam patch that the
21Table 2.4: Natural frequencies (Hz) of slam patch in dry mode with various rod
lengths
Mode No. L = 3mm L = 5mm L = 7mm Mode
1 574.7 525.7 485.8 Bending of rod
2 751.2 655.6 582.5 Bending or rod
3 790.3 675.6 595.2 Twisting of rod
4 1360.5 1360.4 1360.3 Bending of panel
natural behaviour of the panel part may play a role in the behaviour of slam patch but
it is shown that the critical part in slam patch design is on the length of connecting rod
and the slam patch actually behaves like cantilever beam-column. So it can be said
that the natural behaviour of the connecting rod is a decisive factor in the design of
slam patch. Besides, the stiffeners used in slam patch to prevent the bending mode
of panel is found not beneﬁcial since the panel bending frequencies with and without
the stiffeners show a similar degree.
2.2.4 Fluid-Structure Interaction of Slam Patch in Wet Mode
Let’s assume a FSI system, where a structure is in contact with the water, ﬂoating
or submerged. In the FSI system, the natural frequencies of the structure change - re-
ducing because of the effect of the water. The water acts as virtual added mass [49]
and this is generally known as one aspect of FSI effect. Another aspect can be detected
in terms of the mode shapes changing. Other aspect involved in hydro-impact phe-
nomenon is such that when the external impulse is applied on the structure in the wet
mode, the response of structure in FSI system is dependent on a relativity between
the natural frequencies of the structure in wet mode and duration time or frequency
content of external impulse as in the general dynamics.
Since slam patch works in the wet mode, the reducing of the natural frequencies
must be known to satisfy the purpose. In other words, if the purpose of slam patch is
to measure the pure hydro-impact pressure, the dropped natural frequencies must be
beyond the frequency content of the external impulse. If it is to measure the FSI effect
between an hydro-impact pressure and a structure, the slam patch must represent the
structure at full-scale by an adequate scaling law.
In this study, the main purpose of the slam patch is to measure the pure hydro-
impact pressure, since it is difﬁcult to make slam patch represent a local structure
22using an adequate scaling law, especially the damping factor of the structure. For this
reason, it can be said that the slam patch in this case is simply a bigger pressure trans-
ducer. The target remained is that the ﬁrst natural frequency of slam patch can be
relatively high enough to the maximum frequency component of hydro-impact pres-
sure to avoid any resonance.
The same method and cases in dry mode calculation are recalculated with the wa-
ter in contact to the slam patch. As mentioned earlier, the ﬂuid domain in this case
uses the acoustic wave equation. Table 2.5 is the calculation result and modeling and
mode shapes can be found in Appendix C.
Table 2.5: Natural frequencies (Hz) of slam patch in wet mode with various rod
lengths
Mode No. L = 3mm L = 5mm L = 7mm Mode
1 417.3 382.1 353.0 Bending of rod
2 463.6 415.4 378.0 Bending or rod
3 689.4 601.6 540.5 Twisting of rod
4 819.6 819.3 819.2 Bending of panel
By comparing Table 2.4 with Table 2.5, it can be concluded that the natural frequen-
cies at each mode reduce consistently, but mode shapes are found to be unchanged.
Although only the natural frequencies are found in these calculations, the shape of
Frequency Response Function (FRF) is not known. In slam patch design, since the
frequency range of interest must be remained in the gain of 1 to measure identical
external pressure, the shape of FRF must be known which is sensitive to damping
factor.
232.3 Instrument Calibration and Sampling Rate
2.3.1 Calibration
Dynamic calibration is not available during the calibration and alternatively, static
calibration is carried out on the sensors. For the pressure transducer, static air pressure
of 15psi or 103.4kPa is applied on the diaphragm of pressure transducer. On the other
hand, static 12.17kg of weight or 119.38N of force is applied on the load cell of slam
patch. Corresponding response is recorded in the data acquisition system in graphi-
cally and digitally. The digits or bits in the data acquisition systems are 0 to 1600 in
Labview and 0 to 4096 in Turboad. The digit is allocated along the instrument’s volt-
age range, for example,  5V of slam patch is allocated to 0 and 1600 with 0V at 800 in
Labview. For the case of accelerometer, neither dynamic nor static test can be carried
out that manufacturer’s calibration is allocated to the data acquisition system. The
acceleration signal from accelerometer is used as only reference because the conver-
sion factor is unclear and the structure in the model where the accelerometer is set is
not the scaled model of full-scale structure. Wave probe, potentiometer are calibrated
against known immersion or extension. The conversion factors of the all instruments
are average values of several calibrations. Table 2.6 shows the conversion factors of
the sensors.
Table 2.6: Sensors and conversion factors per bit
Sensor Conversion factor
Pressure transducer 0.709  0.770 kPa
Load cell in slam patch 30.885  32.890 N
Accelerometer 0.0635 g
Wave probe 0.163 mm
Potentiometer 0.2059 mm
2.3.2 Sampling Rate Selection
The selection of sampling rate is conﬁned by the current data acquisition system
where allocation of sampling rate depends on the channel number, i.e. as the channel
number increases, the sampling rate decreases. The maximum attainable sampling
rate is 25kHz for one channel whereas it decreases to 3125Hz when 8 channels are
engaged. In this study, pressure transducer and slam patch need adequate sampling
rate to eliminate the aliasing effect since low-pass ﬁlter is not available. In the case of
24pressure transducer, several experimenters underlined the necessity of high sampling
rate, typically, greater than 20kHz corresponding sampling time is 0.05 msec [34] [92].
Inthecaseofpressuretransducer, itisfoundthatthethesamplingrateof3125Hzis
not enough to measure the accurate impact signal. Noisy spectrum pattern in the fre-
quency analysis indicates the aliasing effect in Figure 2.2 and the signal is suspected to
be clipped by the low sampling rate in Figure 2.3 whereby the sampling rate of 3125Hz
and 1553Hz, corresponding sampling times are 0.32msec and 0.64msec. However, the
expected signal is an impulse signal with little oscillation, for example, half-sine or tri-
angular shape impulse signal, and the interval time between two consecutive impact
signals which is around 1000msec are relatively long to sampling time, the sampled
pressure signal is expected to underestimate the peak pressure at impacting instant
where the error is still unknown.
On the other hand, in the case of slam patch, Manganelli et al [61] carried out a test
to investigate the mean relative difference of the peak pressure recorded with 10kHz
to 500Hz sampling rate and found that 2000Hz of sampling rate resulted in a mean
error smaller than 0.8% and in maximum errors smaller than 5%. Over 2400Hz of
sampling rate, the error was found negligible.
In conclusion, the maximum sampling rate of 3125Hz in this study is expected to
underestimate the peak pressure in pressure transducer and will adequately estimate
in slam patch’s pressure.
252.4 Modal Testing
The aim of modal testing is to ﬁnd the natural characteristics of slam patch, espe-
cially frequency response function (FRF). Impactor testing is carried out which mea-
sures response force at slam patch and driving force at the impactor when an impact
is applied on the slam patch. The input is an impulsive force and the output force is
measured at the load cell on the slam patch. Since input and output are both forces, the
FRF is the force transmissibility (Tf). In the case of dry mode, point transmissibility1
and transfer transmissibility2 are generated whereas in wet mode, transfer transmis-
sibility is generated because, in wet mode, only transfer transmissibility is possible.
Note that the directions of impact and response are normal panel, i.e. for the point
transmissibility, the impact point is in line with load cell and connecting rod direc-
tion whereas the transfer transmissibility, the impact point is in parallel with the load
cell and connecting rod direction, which are normal to the slam patch panel. These
transfer transmissibilities in dry and wet modes are compared to insight the change
of natural characteristics - ﬂuid structure interaction effect. The input and output data
are processed in MATLAB and the frequency response functions are generated. Modal
testing results are in Appendix D.
2.4.1 Dry Mode
Figure D.1 to Figure D.12 in Appendix D are impactor test results. Upper graphs
are force transmissibilities in linear scale and lower graphs are phase angles. The fre-
quency range is up to 2150Hz.
From the ﬁgures, within the range of 0 to 500Hz, it can be said that the slam patch
has an approximate gain of 1. However, the ﬁrst natural frequencies of all slam patch
are a bit higher than the calculated results. This is due to the manufacturing error of
slam patch and connecting rod length where actual length is found longer than the
design - over 10mm.
2.4.2 Wet Mode
Direct point measurement carried out because of space constraint and existence
of the water. To carry out the point measurement, the impacting must be carried out
under the water which is impossible in this case. Figure D.13 to Figure D.18 in Ap-
pendix D are the transfer transmissibility results in wet mode. Like the test results in
1The coordinate of the response and the excitation are identical
2The coordinate of the response and the excitation are different
26dry mode, upper one is force transmissibility in linear scale and below one is phase
angle. Black bold lines in graphs are average FRF. Consistently, natural frequencies
drop and it can be said that at least, up to 250Hz, the gain is 1 or near around. So it
can be concluded that within this 250Hz range, measured pressure signal is identical
to the external pressure.
272.5 Slamming Test
2.5.1 Drop Test
Drop tests have been carried out by many people around the world to study an
relationship among any parameters [20] [28] [34] [94] [92]. Most of the parameters are
drop height, impact velocity and the result is pressure.The objective of this drop test
is also consistent with them but the object is the pressure on Open 60’ yacht’s hull.
The main objectives of the drop test are,
 To ﬁnd the practicability of the slam patch,
 To ﬁnd the reconciliation of slam patch and pressure transducer,
 To ﬁnd the relationship between hydro-impact pressure and drop height or im-
pact velocity,
 To conﬁrm the test conﬁguration before carrying out the seakeeping-slamming
test.
The model is hung by strings at its stern and an electro-magnetic release system at
its bow. The locations of pressure transducers and slam patches are shown at Figure
2.7 and the Figure 2.8 is the test scene.
By powering off the electro-magnet, the boat rotates at its stern and drops into the
water. Strings are used to exclude any noise which can be originated from a frame
structure when used to hold the model at the stern. When the fore body of the boat
drops on the water surface, corresponding pressure, drop acceleration and displace-
ment are measured through sensors - slam patch, pressure transducer, accelerometer
and potentiometer. The main parameters in this drop test are drop height from water
surface to bottom of model. The drop heights start from 0 to over 40cm at which the
signal clip occurs because of the capacity limit of the slam patch.
2.5.2 Seakeeping-Slamming Test
The objective of seakeeping-slamming test is to acquire the hydro-impact char-
acteristics in the real situation. Expected hydro-impact characters of slamming and
related parameters are,
 Hydro-impact characteristics,
– Hydro-impact pressure (Pp),
28– Duration time of hydro-impact (Td),
– Shape of hydro-impact pressure in time domain.
 Parameters,
– Boat speed (Vm),
– Wave frequency (Wf),
– Wave height (Wh),
– Location of measurement (LOC).
Finding the relationship between the hydro-impact pressure and its associated pa-
rameters are the primary objective of this experiment, however, ﬁnding the maximum
or extreme behaviour of the hydro-impact phenomenon is another objective. For this
purpose, a set of experiments is arranged in the towing tank of Southampton Solent
University. Before carrying out the tests, the displacement of the model is scaled down
from the full-scale boat as in the drop test. Furthermore, to correspond the pitch ra-
dius of gyration of model to the full-scale boat where the radius of full-scale boat is
given by the designer’s speciﬁcation, pendulum tests in roll and pitch motions are
carried out and the locations of adjustable ballast weights are decided by measuring
the associated oscillation time [50]. The wave height, wave frequency and speed of
carriage are also conﬁrmed before the test.
The model is tested in an upright position in which the maximum pressure is likely
to occur. The maximum wave height achievable in this towing tank is limited within
0.2m which corresponds to 1.4m high at full-scale. This wave height of 1.4 m in full-
scale may be not enough compared to the testimonies from sailors or even contradic-
tory to their descriptions. One of the reports says the slamming starts from Force 6
in Beaufort Wind Scale at the boat speed of 10knots. The likely venue of slamming
are Cape Hope in Africa and Cape Horn in South America where current and wave
direction are opposite3.
The proﬁle of Force 6 is,
 Mean wind speed = 12.35 m/s,
 Mean signiﬁcant wave height = 3 m,
 Mean wave period = 6.69 s.
3Personal discussion with Alex Thomson, Team Hugo Boss, IMOCA
29However, BeaufortWind Scaleitselfisnotenoughinformationtoanalyse theslam-
ming phenomenon because the important factor in slamming is actual wave proﬁles
where slamming occurs. Since the sea state where current and waves are opposite,
the actual wave height and wave period can be changed, and Force 6 wave contains
various wave spectrum, acquiring the exact wave proﬁle under a boat speed is difﬁ-
cult assignment. In this study, it is assumed that the slamming begins when there is
resonance in pitch/heave motion, not by the wave shape, i.e. the boat is excessively
excited in pitch/heave motions when a certain waves are encountered. On the other
hand, because of the limit with the experiment facilities, realistic generation of exper-
iment environment belongs to further work.
For this reasons, the range of parameters are selected as Table 2.7 and the com-
binations are taken into experiment on the upright boat position and head sea. The
increment of wave frequency in model-scale is 0.05 Hz.
Table 2.7: Test matrix of seakeeping-slamming test
Model-scale Full-scale
Boat speed 1.5, 2, 2.5 m/s 7.71, 10.28, 12.85 knots
Wave frequency 0.4  0.9 Hz 0.15  0.34 Hz
Encounter frequency 0.4245  1.0238 Hz 0.1604  0.3869 Hz
Wave height 0.1, 0.15, 0.2 m 0.7, 1.05, 1.4 m
The experimental setup is the same as the drop test and extra instruments of wave
probe and potentiometers for heave/pitch motions are added and connected to TUR-
BOAD system. The locations of measurements are shown at Figure 2.9 and Figure 2.10
is the experiment scene.
2.5.3 Initial Assessment
The capacity limit is found at slam patch during the drop test. Figure 2.11 shows
the limit. However, in the seakeeping-slamming test, the signals are well below the
limit.
Figure 2.12 is typical signal patterns during the drop test. Corresponding locations
of pressure transducers and slam patches are shown at Figure 2.7 where the impact
location is at station 3. In this case, the pressure at slam patch is higher than the
pressure transducer due to the impact location, i.e. the initial impact location is in
between the slam patches 1, 2 and the pressure transducers are located far beyond the
30initial impact location. This is what is expected that the pressure at initial impact area
is higher than the others.
However, in Figure 2.14 are the signals with initial impact location at slam patch
3 where signiﬁcant pressure difference is found. The pressure at transducers is 35%
lower than the pressure at slam patch. This is because, as expected, the sampling rate
at pressure transducer is lower such that the transducer missed accurate pressure. The
frequency components of the hydro-impact pressure is expected widely distributied
as shown at Figure 2.15 and Figure 2.16 when the FRF of slam patch in wet mode is
taken into account. In the transfer FRF of the slam patch, it is expected that the power
contribution over 1200Hz is negligible shown at the Appendix D, however, as the peak
pressure being higher, the slam patch shows wide band is excited over the 1200Hz as
shown at Figure 2.17. As the higher frequency components are ﬁltered out, the pres-
sure reduces 35% in this case, shown at Figure 2.16. The further details are studied at
next chapter by seakeeping-slamming test.
In this initial assessment of the signals, it can be concluded that,
1. In the frequency domain of pressure transducer, most of power measured are
expected widely distributed over 1200Hz,
2. In the drop test, even the drop height is small, slam patch measured the peak
pressure up to 35% higher compared to the pressure transducer’s. It is expected
that this is becasue of the sampling rate limit of the pressure transducer,
3. To measure the net hydro-impact pressure, it is expected that the gain 1 range of
slam patch must be extended over, at least, 1200Hz, in the case of drop test,
4. The original pressure signal contains the magniﬁed power by the resonance of
slam patch that the net pressure is expected to be higher than the low-pass ﬁl-
tered signals, comparing Figure 2.15 and Figure D.13 to Figure D.15,
5. However, if local structure’s response is of interest, not net hydro-impact pres-
sure, for example, the slam patch as local structure which has consistent FRF
compared to full-scale, it is expected that FRFs of slam patch and full-scale are
the key factor which decides the response.
31Figure 2.1: Typical Characteristics of impulse and its shape
Figure 2.2: Sampling rate effect of pressure transducer in frequency domain
32Figure 2.3: Sampling rate effect of pressure transducer in time domain
(a) Global view (b) Local view
Figure 2.4: Locations of pressure transducer and slam patch in drop and seakeeping-
slamming tests
33Figure 2.5: Instrument networking
(a) Schematic view
(b) Prototype
Figure 2.6: Schematic view and prototype of slam patch
34Figure 2.7: Locations of pressure transducer and slam patch in drop test
35Figure 2.8: Drop test setup
36Figure 2.9: Locations of pressure transducer and slam patch in seakeeping-slamming
test
37Figure 2.10: Seakeeping-slamming test
38Figure 2.11: Limit of pressure capacity of slam patch
Figure 2.12: Signal patterns at pressure transducer and slam patch in drop test
39(a) At pressure transducer
(b) At slam patch
Figure 2.13: Time signals of pressure transducer and slam patch
40(a) At pressure transducer
(b) At slam patch
Figure 2.14: Time signals of pressure transducer and slam patch at low drop height
41Figure 2.15: Spectrums of slam patches at low drop height
Figure 2.16: Time signals of slam patches after ﬁltering at low drop height
42(a) Time domain
(b) Frequency domain
Figure 2.17: Signals in time and frequency of slam patch in seakeeping-slamming test
43Chapter 3
RESULTS OF HYDRO-IMPACT
EXPERIMENT
In this chapter, the results of the hydro-impact tests are described stochastically.
Finding relationships among variables are the objective of this chapter. The variables
and relationships to ﬁnd in this study are,
 Independent variables,
– Drop height,
– Impact velocity or impact velocity squared,
– Wave frequency,
– Wave height,
– Speed of boat.
 Dependent variables,
– Peak pressure,
– Impulse quantity,
– Duration time.
 Relationships among dependent and independent variables,
 Extreme value of hydro-impact pressure.
Since the hydro-impact phenomenon has a nonlinear tendency, probability distri-
bution ﬁtting or curve ﬁtting is applied to analyse the experiment data and to ﬁnd any
relationships.
443.1 Stochastic Process
The objective in stochastic modeling is to use sample information to infer the prob-
ability of a population. Estimation of unknown parameters of a stochastic modeling
are based on the data drawn from the population. In this study, three steps are taken
into consideration for the stochastic manipulation. They are,
 Method of estimation,
 Quantiﬁcation of uncertainty,
 Model diagnostics.
3.1.1 Method of Estimation
Suppose a continuous random variable whose probability density function exists
and the data x1;x2; ;xn comprise independent realisations of a random variable
X whose probability density function belongs to a known family of probability dis-
tributions with density function F = ff(x;) :  2 g, where  is parameter. If the
true value, which is also the unknown parameter, of the parameter  is deﬁned as 0,
then inference is reduced to estimation of the true parameter value 0 from within the
parameter space .
In this study, maximum likelihood is adopted to estimate the unknown parameter
0 within a family F since likelihood based technique is unique in its adaptability to
model-change [13] [53].
The likelihood function is deﬁned as
L() =
n Y
i=0
f(xi;) (3.1)
or
l() = logL() =
n X
i=0
logf(xi;) (3.2)
The maximum likelihood estimator ^ 0 of 0 is deﬁned as the value of  which max-
imises the appropriate likelihood function.
453.1.2 Quantiﬁcation of Uncertainty
It is important to complement the estimate of a model with measures of uncer-
tainty due to sampling variability - in this case, the peak pressure. This is especially
important in extreme value modeling, where small model changes can greatly mag-
nify the extrapolation. On the basis of the likelihood function, estimates of uncertainty
or conﬁdence bounds are calculated. The likelihood function used in this study is ei-
ther maximum likelihood estimator or proﬁle likelihood function where the selection
of the function depends on the speciﬁc cases of modeling. Throughout this analysis,
the level of certainty and the conﬁdence bounds are set at 95% respectively.
3.1.3 Model Diagnostics
The reason of ﬁtting a stochastic model to data is to make conclusions about some
aspect of the population from which the data is drawn. Such conclusions can be sen-
sitive to the accuracy of the ﬁtted model, so it is necessary to check that the model ﬁts
welltothedata. Themainissueconcernstheabilityofthemodeltodescribevariations
in the wider population, but this is usually unachievable unless there are additional
sources of data against which the model can be judged. Consequently, the only option
that is normally available is to judge the accuracy of a model in terms of its agreement
with the data that were actually used to estimate it. In this study, a goodness-of-ﬁt
procedure is used which is based on the empirical distribution function, ~ F and graph-
ical technique, either probability plot or quantile plot [13].
Suppose data X1;X2; ;Xn are independent realisations from a population with
unknown distribution function F. An estimate of F, ~ F is obtained, the objective is
to assess the plausibility that the Xi are a random sample from ~ F. A model-free
estimate of F can be obtained empirically from the data. Let x(1);x(2); ;x(n) de-
note the ordered sample, then given an ordered sample of independent observations
x(1)  x(2)    x(n) from a population with distribution function F, the empirical
distribution function is deﬁned by [13]
~ F(x) =
i
n + 1
for x(i)  x  x(i+1) (3.3)
where,
n = Number of observations.
Since ~ F is an estimate of the true probability distribution F, it should be in reason-
able agreement with the candidate model, ^ F. Either a probability plot or quantile plot
46is used to compared ~ F and ^ F.
3.1.4 Probability Distribution Function in This Study
The basic candidates for the probability ﬁttings selected are Gamma and Weibull
distributions since histograms shows a skewed distribution. Their probability den-
sity function (PDF) and cumulative distribution function (CDF) are shown in Eq.(3.4)
to Eq.(3.7) respectively. For the extreme value ﬁtting, Fr´ echet type extreme value is
adopted as shown at Eq.(3.8). In this analysis, the distribution ﬁtting uses maximum
likelihood method, as stated, to estimate the parameters of the distribution functions
since the independent variables are non-negative, which means the stochastic error
can not be symmetric.
Gamma PDF :
f(x;p1;p2) =
1
p
p1
2  (p1)
xp1 1 exp

 
x
p2

at x > 0 (3.4)
Gamma CDF :
F(x;p1;p2) =
1
p
p1
2  (p1)
Z x
0
tp1 1 exp

 
t
p2

dt at x > 0 (3.5)
Weibull PDF:
f(x;p1;p2) =
p1
p2
xp1 1 exp

 
xp1
p2

at x > 0 (3.6)
Weibull CDF:
F(x;p1;p2) = 1   exp

 
xp1
p2

at x > 0 (3.7)
Fr´ echet type Extreme Value CDF:
G(z;p1;p2;p3) = exp
(
 

z   p2
p1
 p3
)
at z > b (3.8)
473.1.5 Curve Fittings in This Study
Generally, the hydro-impact phenomenon shows non-linear behaviour, for exam-
ple, drop height vs peak pressure, curve ﬁtting based on non-linear is supposed to be
adopted to analyse the experimental data. However, it is found that within a narrow
band (for instance, a small drop height), there is linear or semi-linear behaviour such
that linear curve ﬁtting can be employed where the error estimation is based on regu-
lar least square method.
The experimental data is not deterministic, there are always variations or errors.
The experimental data can be expressed as Eq.(3.9),
y = f(x;c) +  (3.9)
where,
y = Predicted response, data,
f(x;c) = Deterministic component, model, function or ﬁt,
x = Predictor, independent variable,
c = Coefﬁcients,
 = Random component, error  N(0;2).
The remaining task is how to estimate the unknown coefﬁcients c of the model.
To obtain the coefﬁcient estimates, the least square method minimised the summed
square of residuals as Eq.(3.10),
S =
n X
i
r2
i =
n X
i
(yi   f(xi;c))2 (3.10)
where,
n = Number of data points,
S = Sum of squares error estimate,
i = ith sequence.
48Quantiﬁcation of Uncertainty
Conﬁdence bounds are used to estimate the uncertainty of the ﬁtted coefﬁcients.
On the other hand, for the ﬁtted function, prediction bounds are used. Conﬁdence
and prediction bounds deﬁne the lower and upper values and form a width of inter-
val. The width of the interval indicates the uncertainty on the ﬁtted coefﬁcients or the
ﬁt. For example, a very wide interval for the ﬁtted coefﬁcients can indicate that more
data must be used when ﬁtting.
Consistently, 95% level of certainty is adopted in both cases. This interval indicates
that 95% chance can be secured such that the new observation is actually bounded
within the lower and upper prediction bounds. Prediction bounds are often described
as conﬁdence bounds because it is the conﬁdence interval for a predicted response.
Throughout this analysis, the prediction bounds ara provided with the experiment
data graphically.
493.2 Consideration of Extreme Values
3.2.1 Basics of Extreme Value Distribution
The object of extreme value theory is to answer the question of ’Have we already
seen the largest ones or are we going to experience even larger ones?’. Extreme value
theory is a powerful tool in studying of the tail behaviour of a distribution. Once the
tail index is found, the analysis can be extended outside of the sample to consider pos-
sible extreme behaviour [13].
The extreme value can be described as Eq.(3.11),
Mn = maxfX1;X2; ;Xi; ;Xng (3.11)
where,
Mn = The maximum of n times observation.
X1; ;Xn = A sequence of random variables.
Note that the random variables X1; ;Xn are assumed having an independent,
identical distribution function F, (iid). Then the distribution of Mn can be described
as
PrfMn  zg = fF(z)gn = Fn (3.12)
where,
F = An identical distribution function of random variables.
Because the distribution function F is, in practice, unknown, an alternative ap-
proach which looks for approximate families of models for Fn, i.e. Fn is estimated
on the basis of the extreme data only, is used. However, because Mn degenerates as
Fn ! 0 when n ! 1, a linear renormalisation of the variable Mn is needed.
If there exists sequences of constants fan > 0g and fbng such that
Pr

Mn   bn
an
= M
n  z

! G(z) as n ! 1 (3.13)
can be established, where G is a non-degenerate distribution function, then G be-
longs to one of approximate families of models for Fn which are named Gumbel,
50Fr´ echet and Weibull as in Figure 3.1. In other word, when Mn can be stablised with
suitable sequences fang and fbng, the corresponding normalised variable M
n has a
limiting distribution that must be one of the three types of extreme value distribution.
The remarkable feature of this is that three types of extreme value distributions are the
only possible limits for the distribution of the M
n, regardless of the distribution F for
the population [13].
However, because a technique is required to choose which of the three families is
most appropriate for the data at hand and subsequent inferences presume this choice
to be correct, a uniﬁcation of the original three families of extreme value distribution
into a single family greatly simpliﬁes statistical implementation. i.e. G in Eq. (3.13) to
be a member of the generalised extreme value (GEV) family where,
G(z) = exp
(
 

1 + 

z   

 1

)
(3.14)
deﬁned on,

z : 1 +
(z   )

> 0

  1 <  < 1;  > 0 (3.15)
where,
 = Shape parameter,
 = Location parameter,
 = Scale parameter.
This argument leads to the following approach for modeling extremes of a series
of independent observations x1;x2; ;xn. Data are blocked into sequences of obser-
vations of length n, for some large value of n, generating a series of block maxima,
Mn1;Mn2; ;Mnm to which the GEV distribution can be ﬁtted. Often the blocks are
chosen to correspond to a time period of length one year, in which case n is the num-
ber of observations in a year and the block maxima are annual maxima.
Estimates of extreme quantiles of the annual maximum distribution are then ob-
tained by inverting Eq (3.14) such that,
zp =
8
<
:
  


[1   y 
p ] : for  6= 0
   log(yp) : for  = 0
9
=
;
(3.16)
where,
51G(zp) = 1   p,
yp =  log(1   p),
zp = Return level,
1=p = Return period.
p = probability, 0 < p < 1
3.2.2 Inference Process for Extreme Value
The fundamental process to infer the behaviour of extreme values follows as de-
scribed in the previous section of stochastic process. The GEV provides a model for
the distribution of block maxima. That is to say, its application consists of blocking the
data into blocks of equal length and ﬁtting the GEV to the set of block maxima. Many
techniques have been proposed for parameter estimation in extreme value model,
however, in this study, likelihood-based techniques is adopted for their all-around
utility, adaptability and consistency through the analysis [13].
Method of Estimation - Maximum Likelihood Estimation
Assuming Mn1;Mn2; ;Mnm are independent variables having GEV distribu-
tion, the log-likelihood for the parameters of GEV when  6= 0 is
l(;;) =   mlog  

1 +
1

 m X
i=1
log

1 + 

zi   


 
m X
i=1

1 + 

zi   

  1

(3.17)
where,
1 + 

zi   


> 0 for i = 1;2; ;m (3.18)
Maximising these equations with respect to the parameter vector (;;) leads to
the maximum likelihood estimate with respect to the entire GEV family.
Quantiﬁcation of Uncertainty
Conﬁdence intervals and related inference follow the procedure described in the
previous section of quantiﬁcation of uncertainty in terms of maximum likelihood es-
timator.
52Model Diagnostics
The basic diagnostics follows the procedure at the previous section of model diag-
nostics.
Method in This Study
Extreme values or block maxima are extracted from the experimental data. To
investigate the behaviour of the tail of the data, QQ-plot (Quantile-Quantile plot) is
used where there is a concave start of the data against straight exponential distribu-
tion line (or standard exponential quantiles) indicates a heavy or long tailed distribu-
tion whereas a convex start means a thin or short tailed one. If the data is from an
exponential distribution, the points on the graph lie along a straight line.
The next step is to estimate the parameters of GEV distribution by maximum like-
lihood estimation with conﬁdence level of 95% and ﬁt the GEV distribution on the
data. Then empirical distribution function and candidate distribution function are
compared graphically and information based on return period or return level is ex-
tracted.
533.3 Results of Drop Test
From the initial assessment of the drop test results, a consistent similar pressures
were shown that the relationships based on curve ﬁttings are presented here. In other
words, for example, the peak pressure on a speciﬁc drop height show consistent val-
ues which belong to the normal distribution such that curve ﬁtting is expected to be
enough to search the relationship between drop height and peak pressure.
3.3.1 At Pressure Transducers
Relationships between independent variables and dependent variables are stud-
ied. In this drop test, the independent variable is drop height and impact velocity
or impact velocity squared can be driven from the drop height. Corresponding de-
pendent variables are peak pressure, duration time and impulse quantity of impulse.
The locations of pressure transducers in this drop test are at the four corners of slam
patch 3 as shown in Figure 2.7. The time signals of these four pressure transducers are
presented simultaneously or separately which depends on the analysis cases. The +
marks in the ﬁgures are the prediction bounds of 95% conﬁdence level.
Time Signals
Figure 3.2 is the time signals of the positive impulse pressure by hydro-impact at
four pressure transducers, which shows evident and consistent patterns. It can be seen
from these signals that,
1. At high range, impulse has two humps with interval of about 3 msec with rela-
tively short duration time,
2. At low range, impulse has one hump with relatively long duration times,
3. Atmidrange, impulseshowstransitionalpatternswhichhasbothcharacteristics
of high and low ranges,
4. As the hydro-impact phenomenon stronger, the second hump increases and the
duration time decreases.
Relations Based on Drop Height
Figure3.3toFigure3.4showthetestresultsandrelationshipsbasedondropheight
where polynomials of 1st and 2nd degree are ﬁtted. It can be found from these results
that,
541. The data of peak pressure are well within the prediction bounds of conﬁdence
level of 95%,
2. The relation between drop height and peak pressure shows evident linearity
where the difference of ﬁt between 1st degree polynomial and 2nd degree poly-
nomial is small,
3. Relationship between drop height and duration time is obscure even linear rela-
tionshipby1stdegreepolynomialﬁttingshowsincreasingpatternasmentioned,
4. Generally, fairly linear relations between variables in term of the drop height are
found.
Relations Based on Impact Velocity
Figure 3.5 shows the test results and its relationships based on impact velocity.
Impact velocity is calculated and extracted from drop height information by differen-
tiation. It is found from these results that,
1. The relationship between impact velocity and peak pressure shows slight non-
linearity where 2nd degree polynomial ﬁtting describes the relationship better
than the linear ﬁtting (for example, root mean squared errors of 1st and 2nd
order ﬁtting are 5.5177 and 5.2311 respectively),
2. Relationship between impact velocity and duration time is obscure and more
data is expected to draw a conclusion.
However, because of this non-linearity, the relation based on impact velocity
squared are generally used to see the linear characteristics where peak pressure can be
expressed in a simple Pp = kV 2
i form where k is a constant.
Relations Based on Impact Velocity Squared
To see the linear relationship, the impact velocity is usually squared and plotted
against other dependent variables such as shown in the Figure 3.6. It is shown from
these results that a linear relationship of the form of Pp = kV 2
i can be well established.
Note that the intercepts in the plots shall not be taken into account which excludes
zero impact velocity.
55Miscellanies
The relationships between dependent variables of peak pressure, impulse quantity
and duration time are presented at the Figure 3.7. It is found that,
1. When the duration time is involved, the pattern may show a linear but ﬁnal
relationship is obscure because of the wide variation and scarcity of data at a
speciﬁc point in higher range, for example, over 75 to 150kPa range.
2. Relationship between peak pressure and impulse quantity shows slight non-
linearity because the duration time is implicitly involved where the impulse
quantity is integration based on duration time.
3.3.2 At Slam Patches
As mentioned in earlier section, the relationships of variables are conﬁned within
either linear range of FRF or capacity limit of slam patch. Figure 3.8 shows the signal
patterns at slam patches. It can be seen from these ﬁgures that there are evident vibra-
tional behaviour.
Figure 3.9 is the relationships based on dependent variable of peak pressure at
slam patch 1, 2 and 3 where initial impact location is set at slam patch 3. Because of
the shock-vibrational characteristic of the signal and difﬁculties to deﬁne the duration
time and impulse quantity, only relations based on peak pressure are presented here-
after. Consistently, + marks in the plots are prediction bounds of 95% conﬁdence level.
Three plots show fair linear relationships, especially, in the drop height case where
good match between 1st degree and 2nd degree polynomial ﬁttings can be found.
Comparing Figure 3.9 with Figure 3.4, the peak pressure at slam patches are con-
sistently higher than the one at pressure transducers. The reason of this phenomenon
is expected to be the combination of,
1. Sampling rate limit of pressure transducers,
2. First contact matter in such a way that the ﬁrst contact is at the slam patch, the
highest peak pressure is at the slam patch and the peak pressure around slam
Patch where pressure transducers are located is lower than the slam patch’s,
3. Broad frequency range is excited by the hydro-impact impulse at slam patch.
56This is where the difﬁculty exists to match the hydro-impact pressure at slam
patches and pressure transducers. Meanwhile, comparing the frequency domain in-
formation of slam patch and pressure transducer, additional power at slam patch is
found, which is generated by the resonance effect of the slam patch during the impact
and these extra power can be deleted through ﬁltering process. It is shown that the
difference of hydro-impact pressure at pressure transducers and slam patches after
ﬁltering is narrow, i.e. they are in a similar degree of peak pressure as shown in the
Figure 2.14 to Figure 2.16.
However, when the response of local structure is of interest, because of the slam
patch’s inherent FRF characteristic, the peak pressure at slam patches are always
higher than the ones in pressure transducers which is the pressure actually felt by
the local structure only if the local structure has the same FRF of slam patch.
3.3.3 Extreme Values
Figure 3.10 is the relationship between drop height and extreme peak pressure at
pressure transducers that the extreme peak pressure is well ﬁtted with linear poly-
nomial. Figure 3.11 are the empirical distribution and QQ-plot of the extreme peak
pressure at pressure transducers that the extreme data are well balanced within the
experiment range of interest. The slight concave start of data in Figure 3.11 (b) in-
dicates that the extreme distribution is heavy or long tailed as Fr´ echet type extreme
value PDF. Figure 3.12 shows the Fr´ echet type extreme value PDF and CDF where
long tailed behaviour is found as expected in the QQ-plot. The extreme parameters
and ﬁtting are estimated with conﬁdence level of 95%. In the Figure of GEV CDF and
empirical CDF, the conﬁdence bounds of 95% are shown.
It can be concluded in these plots that within the drop height of 0.291m, the ex-
treme peak pressure of 140kPa can be expected with the probability of 0.1% at the area
of slam patch 3 which is in-between the station 3 to 4 of the boat.
573.4 Results from Seakeeping-Slamming Test
In the previous section of drop test results, the test results based on speciﬁc vari-
ables is in the normal distribution such that the relationship between independent
and dependent variables can be established based on curve ﬁtting. However, in the
seakeeping-slamming test, it is found that there are broader variations in dependent
variables, for example, peak pressure against a speciﬁc wave frequency. It is expected
that there exists a certain distribution in the dependent variables such as Gamma or
Weibull. Furthermore, there are apparent abnormal values in variations which is far
beyond expectation, the extreme values. These values is manipulated through the
GEV technique.
The locations of measurement in the seakeeping-slamming test are found in Figure
2.9 of the previous chapter. The results of seakeeping-slamming test are categorised
into two, the whole series of runs and based on a speciﬁc variables which are,
 Independent variables : wave frequency, wave height and boat speed,
 Dependent variables : peak pressure, extreme pressure, duration time, rise time,
impulse quantity.
It is found through the test that the effective hydro-impact phenomenon is de-
tected between the wave frequency of 0.55Hz to 0.90Hz where signiﬁcant resonance
in heave/pitch motion has occurred.
3.4.1 The Whole Series of Runs
First of all, the test results from the whole series of the runs are presented. 3175
hydro-impact signals are selected from the tests and processed. The signals are
checked by bare eyes and only the signals which have a signiﬁcant hydro-impact phe-
nomenon are selected.
Peak Pressure
Figure3.13isthetestresultsfromfourpressuretransducersandthreeslampatches
in the whole test matrix in terms of peak pressure and wave frequency. The test re-
sults only includes the hydro-impact pressure where actual hydro-impact occurs, i.e.
the semi-static or pseudo-dynamic pressure by heave/pitch motion is excluded as 0.
It can be found that the peak pressure between 0.6 and 0.75Hz of wave frequency are
58dominant. Even the peak pressure data at 0.95Hz of wave frequency are missing, be-
cause the slamming does not occur in this frequency range which is witnessed during
the test, the peak pressure will be diminished into semi-static pressure.
The histograms and probability distribution functions at each locations are from
Figure 3.14 to Figure 3.15. Note that the histogram of accelerometer result of Figure
3.15 does not represent the acceleration of rigid body motion of the boat, instead it
is the acceleration of local structure which includes acceleration of rigid body motion
and ﬂexible body vibration and also note that the histogram at a speciﬁc location, for
example, at pressure transducer 1, includes all of the peak pressures from all of the
wave frequencies and boat speeds.
In these ﬁgures, pressure transducer 1 and slam patch 2 are vulnerable in hydro-
impact, the forebody of the boat from Station 3 to bow, which shows signiﬁcant hydro-
impact phenomenon where peak pressure and its occurrence are distinctive. Further-
more it is found that even the difference is not so signiﬁcant, the Gamma PDF is
slightly better than Weibull PDF in terms of goodness to ﬁt where maximum likeli-
hood and variance are taken into account.
Figure 3.16 and Table 3.1 is the test of the goodness-to-ﬁt analysis of peak pres-
sure which is ﬁtted by Gamma and Weibull distributions. As shown at the table, the
Gamma distribution has greater maximum likelihood of about 1% and smaller vari-
ance of about 3%.
Table 3.1: Test example of goodness-to-ﬁt analysis with Gamma and Weibull distri-
butions
Distribution function Gamma Weibull Difference (%)
Maximum likelihood -751.567 -758.005 0.85
Mean 25.3903 25.5391 0.58
Variance 179.429 184.358 2.67
Table 3.2 summarised the probability and corresponding peak pressure by Gamma
PDF at location 1 (pressure transducer 1) and 5 (slam patch 1). Note that these peak
values are only in valid within the test matrix i.e. wave height is up to 0.2 m (full-scale
of 1.4 m, scale of 7) and boat speed is up to 2.5 m/s (full-scale of 12.85 knots). Since
the wave in the test matrix is consecutive regular waves, it is difﬁcult to compare this
pressure to the pressure in irregular waves. However, compare to other works, set
59up as 200kPa [62] and 350kPa [65], the pressure is relatively higher than them when
this model test with lower probability is scaled to full-scale, for example, 67kPa in
model-scale is 469kPa in full-scale
Table 3.2: Pressure estimation by Gamma PDF at pressure transducer 1 and slam
patch 1
Probability (%) Pressure transducer 1 [kPa] Slam patch 1 [kPa]
1 (1/100) 48.8 29.5
0.1 (1/1000) 67.0 40.4
Duration Time
As long as the positive impulse continues in the hydro-impact signal, the duration
time continues and is deﬁned at which the impulse ends. In the case of slam patch, the
impulse signal is so apparent that this deﬁnition of duration time can be kept. How-
ever, in the cases the pressure transducers, it is difﬁcult to deﬁne the exact duration
time since the signal itself is so complicated and noisy. This can be seen in the Figure
3.17.
In the Figure 3.17 (a), the signal of pressure transducer has a pseudo-hydro
dynamic phase. However, because of the practical problems of resolution and high
frequency noise, it is difﬁcult to detect the exact duration time. Because of this matter,
only the signal in hydro-impact phase is taken into consideration. On the other hand,
in the case of slam patch, most of the signals at the slam patches are so clear that the
duration time can be easily detected where pseudo-hydrodynamic phase can be in-
cluded in the duration time.
Figure 3.18 to Figure 3.19 are the test results in terms of duration time. Apparent
upper limits of duration times can be detected that the pressure transducers is around
50msec while the slam patches is about 750msec.
Rise Time
Therisetimestartsfromthepointwherethehydro-impactsignalstartstothepoint
where peak pressure detected. Figure 3.20 to Figure 3.21 and Figure 3.32 are the results
in terms of the rise time. As the magnitude of peak pressure increases, the rise time
decreases exponentially.
60Impulse Quantity
Figure 3.22 to Figure 3.23 are the results in terms of the impulse quantity. The peak
pressure and impulse quantity has a proportional relationship, however, convergence
is obscure.
Duration time VS Impulse Quantity
Figure 3.25 shows the relationship where a proportional relationship may be de-
tected, however, convergence is still obscure.
3.4.2 On a Speciﬁc Independent Variable
In this section, hydro-impact signals which show a signiﬁcance and their related
dependent and independent variables are dealt and analysed. The locations are cate-
gorised into two areas, fore and rear areas of the forebody of the model i.e. location 1,
2, 6 are denoted in the fore area and location 4, 7, 8 are the rear area.
Foreward Area in the Forebody of Model
Figure 3.25 is the peak pressures at locations 1, 2 and 6 (pressure transducer 1,
pressure transducer 2 and slam patch 1) at the wave height of 0.2m with various boat
speeds. The tendency is that, as the boat speed increases, peak pressure increases
slightly throughout the locations.
Figure 3.26 is corresponding histograms, PDF and CDF. The scarcity of data makes
it difﬁcult to justify the consistency however, it can be expected that more data may
make the distribution of pressure be ﬁtted by the Gamma PDF. If the near-zero pres-
sure can be neglected, the unique distributions of pressures can be evidently described
by Gamma PDF.
Rearward Area in the Forebody of Model
The Figure 3.27 and Figure 3.28 show the peak pressures at locations 4, 7 and 8
(pressure transducer 4, slam patch 2 and slam patch 3) with wave height of 0.2m. As
the location shifts to rearward, the chance of detecting the signiﬁcant hydro-impact
reduces.
61Wave height of 0.1m
The ﬁgure 3.29 and Figure 3.30 are the same relationships. It shows a similar ten-
dency as in the cases of Wh of 0.2 m.
3.4.3 Extreme Values
The extreme values are taken at each locations and for each frequencies at wave
height of 0.2m. In this case, the block is each run and the highest pressure at this run
is the extreme value, the block maxima. The extreme values are taken at location by
location, for example, slam patch and pressure transducer.
Figure 3.31 shows corresponding empirical distribution, QQ-plot, GEV PDF and
its CDF. Extreme pressures are estimated with various probability in the Table 3.3
which is far beyond the normal pressures. These extreme value indicates that some-
where in the foreward area of the forebody of the model (presumably location 1 and
6) experiences a severe extreme pressure with very low return period. These values
are quite different from the Table 3.2 where extreme values are not taken.
Table 3.3: Extreme pressure estimation at Wh = 0.2 m
Probability (%) Model-scale [kPa] Full-scale [kPa]
10 (1/10) 26.42 184.94
1 (1/100) 63.61 445.27
0.1 (1/1000) 139.16 974.12
0.01 (1/10000) 294.13 2058.79
Meanwhile, to determine the related parameters of extreme pressure signal, for
example, impulse quantity, duration time and rise time, the corresponding data at Wh
= 0.2 m is analysed using exponential curve ﬁtting of Eq.(3.19). Associated ﬁgures are
shown at Figure 3.32. Table 3.4 is the parameters of the exponential curve at each data
set.
y = ae bx + c (3.19)
Based on the Table 3.4, Td, Tr and Qi are estimated at each extreme pressure as
Table 3.5.
The values are expected to to converge where the exact values are obscure because
the corresponding values to high pressure are not taken.
62Table 3.4: Estimation of parameter a, b, c for Eq.(3.19)
a b c
Td vs. Pp -245.1 0.09813 735.9
Tr vs. Pp 18.02 0.09459 1.629
Qi vs. Pp -0.2536 0.02283 0.4007
Table 3.5: Variable estimation for extreme engineering
Case Probability (%) Pp Td Tr Qi
1 1 (1/100) 63.61 735.43 1.672 0.4007
2 0.1 (1/1000) 139.16 735.89 1.629 0.4007
3 0.01 (1/10000) 294.13 735.9 1.629 0.4007
Figure 3.1: Families of extreme value distribution
63(a) Overall range Pp (b) High range of Pp
(c) Mid range of Pp (d) Low range of Pp
Figure 3.2: Hydro-impact signals at pressure transducers in drop test
64Figure 3.3: Relationship of Hd vs. Pp at pressure transducers in drop test
65(a) Hd VS Pp
(b) Hd VS Td (c) Hd VS Qi
Figure 3.4: Relationships based on Hd at pressure transducers in drop test
66(a) Vi VS Pp
(b) Vi VS Td (c) Vi VS Qi
Figure 3.5: Relationships based on Vi at pressure transducers in drop test
67(a) V
2
i VS Pp
(b) V
2
i VS Td (c) V
2
i VS Qi
Figure 3.6: Relationships based on V 2
i at pressure transducers in drop test
68(a) Pp VS Qi
(b) Td VS Pp (c) Td VS Qi
Figure 3.7: Relationships of Pp vs. Qi, Td vs. Pp, Td vs. Qi at pressure transducers in
drop test
69(a) Overall range of Pp (b) High range of Pp
(c) Mid range of Pp (d) Low range of Pp
Figure 3.8: Hydro-impact signals at slam patches in drop test
70(a) Hd VS Pp
(b) Vi VS Pp (c) V
2
i VS Pp
Figure 3.9: Relationships based on Pp at slam patches in drop Test
71Figure 3.10: Hd vs. Pex at pressure transducers in drop test
(a) Empirical distribution (b) QQ-plot
Figure 3.11: Empirical distribution and QQ-plot of Pex at pressure transducers
(a) PDF (b) CDF
Figure 3.12: PDF and CDF of the Pex at pressure transducers
72(a) Pp VS Wf in total
(b) Pp VS Wf at pressure transducers (c) Pp VS Wf at slam patches
Figure 3.13: Relationships of Pp vs. Wf throughout the locations in the whole series of
seakeeping-slamming test
73(a) At pressure transducer 1 (b) At pressure transducer 2
(c) At pressure transducer 3 (d) At pressure transducer 4
Figure 3.14: Histogram, PDF and CDF of pressure transducers in the whole series of
seakeeping-slamming test
74(a) At Slam Patch 1 (b) At Slam Patch 2
(c) At Slam Patch 3 (d) At Acc.
Figure 3.15: Histogram, PDF and CDF of slam patches and ACC. in the whole series
of seakeeping-slamming test
Figure 3.16: Test example of Goodness-to-ﬁt analysis in this study
75(a) At pressure transducers
(b) At slam patches
Figure 3.17: Deﬁnition of duration time
76(a) At pressure transducers (b) At slam patches
Figure 3.18: Wf vs. Td in the whole series of seakeeping-slamming test
(a) At pressure transducers (b) At slam patches
Figure 3.19: Pp vs. Td in the whole series of seakeeping-slamming test
77(a) At pressure transducers (b) At slam patches
Figure 3.20: Wf vs. Tr in the whole series of seakeeping-slamming test
(a) At pressure transducers (b) At slam patches
Figure 3.21: Pp vs. Tr in the whole seakeeping-slamming test
78(a) At pressure transducers (b) At slam patches
Figure 3.22: Wh vs. Qi in the whole seakeeping-slamming test
(a) At pressure transducers (b) At slam patches
Figure 3.23: Pp vs. Qi in the whole seakeeping-slamming test
79(a) At pressure transducers (b) At slam patches
Figure 3.24: Qi vs. Td in the whole seakeeping-slamming test
(a) Location 1 (pressure transducer 1) (b) Location 2 (pressure transducer 2)
(c) Location 6 (Slam Patch 1)
Figure 3.25: Wf vs. Pp on the fore area of fore body at Wf = 0.2 m
80(a) P/T 1, V = 1.5 m/s (b) P/T 1, V = 2.0 m/s (c) P/T 1, V = 2.5 m/s
(d) P/T 2, V = 1.5 m/s (e) P/T 2, V = 2.0 m/s (f) P/T 2, V = 2.5 m/s
(g) S/P 1, V = 1.5 m/s (h) S/P 1, V = 2.0 m/s (i) S/P 1, V = 2.5 m/s
Figure 3.26: Histogram, PDF and CDF of Pp on the fore area of fore body at Wh = 0.2m
81(a) Location 4 (pressure transducer 4)
(b) Location 7 (Slam Patch 2)
(c) Location 8 (Slam Patch 3)
Figure 3.27: Wf vs. Pp on the rear area of fore body at Wf = 0.2 m
82(a) P/T 4, V = 1.5 m/s (b) P/T 4, V = 2.0 m/s (c) P/T 4, V = 2.5 m/s
(d) S/P 2, V = 1.5 m/s (e) S/P 2, V = 2.0 m/s (f) S/P 2, V = 2.5 m/s
(g) S/P 3, V = 1.5 m/s (h) S/P 3, V = 2.0 m/s (i) S/P 3, V = 2.5 m/s
Figure 3.28: Histogram, PDF and CDF of Pp on the rear area of fore body at Wh = 0.2m
83(a) Location 1 (pressure transducer 1)
(b) Location 6 (Slam Patch 1)
Figure 3.29: Wh vs. Pp on the fore area of fore body at Wh = 0.1 m
84(a) P/T 1, V = 1.5 m/s (b) P/T 1, V = 2.0 m/s
(c) P/T 1, V = 2.5 m/s
(d) S/P 1, V = 1.5 m/s (e) S/P 1, V = 2.0 m/s
(f) S/P 1, V = 2.5 m/s
Figure 3.30: Histogram, PDF and CDF of Pp at LOC 1, 6 at Wh = 0.1 m
85(a) Empirical distribution (b) QQ-plot
(c) Frechet type PDF (d) CDF
Figure 3.31: Extremes on the fore body at Wh = 0.2 m
86(a) Td VS Pp
(b) Tr VS Pp
(c) Qi VS Pp
Figure 3.32: Estimation of Td, Tr and Qi at LOC 6 (slam patch 1) at Wh = 0.2 m
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DESIGN IMPACT PRESSURE BY
RULES AND REGULATIONS
In this chapter, the slamming impact pressures at the bottom area of the Open
60’ are evaluated by the rules and regulations of various organisations - international
standard and classiﬁcation societies. The enhanced performance of the modern racing
yacht in terms of speed which achieves well over 20knots needs special consideration.
Applying the rules of the power or motor craft is pertinent in modern yacht design
in parallel with the speciﬁc rules for the sailing yachts, if speciﬁed by the rules. In
the case of Open60’ by IMOCA, the boat follows ISAF Offshore Special Regulations
Category 0 which also follows either the EC Recreational Craft Directive for Category
A, ABS ORY Guide or ISO 12215 Category A. [35] [36].
The design impact pressure caused by slamming in these rules adopts similar
methodology which is based on the combination of various factors and acceleration
such that ﬁnally it gives a static pressure on a speciﬁc structural member i.e. the de-
sign pressure is calculated based on a structure member in the local area such as panel
plate, girder and frame where span and spacing are selected by designer. Thus, it
is also possible to assess the initial structure arrangement and corresponding impact
pressure on the speciﬁc structure arrangement.
Although the performance of sailing yacht depends on the wind state and design
concept, the modern high performance racing yacht can clearly perform beyond the
planing phase from displacement phase, so to speak, the Froude’s number well ex-
ceeds 1. This is the typical design attempt in the modern high performance racing
yacht which is well evidenced in Open 60, Open 70 and even Open 6,50 boat.
88However, at current situation, none of the organisations has speciﬁc coverage des-
ignated for the high speed sailing craft, for instance, planing sailing craft. It may be
possible to calculate the design pressures and scantlings by the rules for planing craft
or high speed motor craft. Regarding distinctive hull form of the modern racing yacht
which has ﬂat bottom whereas the high speed motor craft has relatively large deadrise
angle, distinctive difference to motor craft in the pressure can be found which is the
”blind spot” of the current rules by the organisations.
It must be noted that the rules and regulations is based on experimental and theo-
retical studies complemented with full scale measurement or service experience. This
pressure is also interim input value to the calculation of scantling, for instance, thick-
ness, using scantling formula which also takes various factors into account. Thus di-
rect comparison of towing tank test result to the design pressure is possible. Nonethe-
less, it must be noted that the ﬁnal destination of these rules is to ﬁnd the scantlings
to a speciﬁc craft. The tank test result also may be used as one of the scenario of exter-
nal load to FEM analysis on the considered boat which is demanded by the rules and
regulations.
From Table 4.1 to Table 4.5 are the summaries of rules in this study when Open 60’
yacht is taken into consideration - International Standard Organisation (ISO), Lloyd’s
Register (LR), Bureau Veritas (BV), Det Norske Veritas (DNV) and American Bureau
of Shipping (ABS). Table 4.6 shows the exemplar formulas of the determination of the
scantling of bottom area when the material is steel or aluminum.
Further detail can be found at Appendix E.
89Table 4.1: Open 60’ under the rule of ISO
Organisation ISO
Rule and 12215 Small craft
regulation - Hull construction and scantlings [37]
Type of vessel deﬁned Planing motor craft/ Sailing craft
Boat length limit 2:5  24 m
V=
p
Lwl > 3:6 for planing craft,
Demarcation
10  LWL
mLDC
0:33 < 5:1 + 0:08  LH
for Category A and B sailing craft
PBM =
0:1  mLDC
LWL  BC
 (1 + nCG  kDC)  kAR  kL
for planing craft,
Basic formula
PBS = (2  mLDC
0:33 + 18)  kSLS  kDC  kL  kAR
for sailing craft
Sailing craft pressure correcting factor
for slamming kSLS,
Characteristics Area pressure distribution factor kAR
which takes structural component
and its design area into account
By formula for planing craft,
Acceleration factor
Pre-determined value of 3 for sailing craft
V must be greater that 15 knots
Limits to apply the rule of planing motor craft,
for Open 60’ Displacement must be greater than 20,848 kg
to apply the rule of sailing craft
V over 15 knots is achievable,
Violations Displacement of Open 60’ is around 10,000kg
which is clear violation to sailing craft demarcation
90Table 4.2: Open 60’ under the rule of LR
Organisation LR
Rule and regulation Special Service Craft (SSC) [51]
Type of vessel deﬁned Displacement mode / Non-displacement mode
Boat length limit Unlimited, For yacht, L  24m
V=
p
L > 3 for non-displacement mode,
V = 7:19  r1=6 in knots for high speed craft (HSC),
Demarcation
 = 0:04  (L  B)1:5 in tonnes
for light displacement craft (LDC).
PdIb =
fd    (1 + v)
LWL  Go
for non-displacement mode craft,
Basic formula
Pdh = dh 
 
19   2720 

Tx
LWL
2!

p
LWL  V
for displacement mode craft
Bottom impact pressure by slamming for modes,
Design pressure of bottom shell from bottom impact
pressure by slamming multiplied by various factors,
Characteristics
Service area restriction and service type,
Forebody or bow slamming pressure is deﬁned
for each modes.
Acceleration factor By formulas for each modes
Limits Service area restriction - yacht having unrestricted service
for Open 60’ Service type notation - yacht
Violations Length limit of 24 m if yacht notation is applied
91Table 4.3: Open 60’ under the rule of BV
Organisation BV
Rule and regulation Yachts [11]
Type of vessel deﬁned High speed motor yacht / sailing yacht
Boat length limit up to 100 m
V  7:16  1=6 in knots
Demarcation
for high speed motor yacht
Psl = 70 


Sr

 k1  k2  k3  aCG
for high speed motor yacht,
Basic formula
Psl = 70 


Sr

 k2  k3  aV
for sailing yacht
Factor for the type of design FOC,
Factor for the sea condition SOC, Characteristics
Different acceleration formulas
for motor yacht and sailing yacht.
aCG for high speed motor yacht at CG
which is the function of velocity,
Acceleration factor
aV for sailing yacht at forward of CG
which is the function of location
Maximum pitch vertical acceleration
Limits at fore perpendicular for sailing yacht
for Open 60’ i.e. aPFP = 3  aH is given for information only,
Racing yachts is not covered by these rules.
Violations Maximum pitch vertical acceleration
92Table 4.4: Open 60’ under the rule of DNV
Organisation DNV
Rule and High Speed, Light Craft
regulation and Naval Surface Craft (HSLC) [17]
Type of vessel deﬁned Light craft (LC) / high speed light craft (HSLC)
Boat length limit Unlimited
  (0:20  L  B)1:5 for LC yacht,
  (0:16  L  B)1:5 and V > 3
p
L for HLSC yacht,
Demarcation
V  25 knots for HSLC,
V < 25 knots for LC
Psl = 1:3  kl 


n  A

 T0:7
o 

50   x
50   CG

 aCG
for slamming pressure on the bottom of craft,
Pslp =
21
tanx
 ka  kb  CW 

1  
20  TL
L

Basic formula for pitch slamming pressure on the bottom of craft,
Psl =
0:7  L  CL  CH
A0:3  [0:6 + 0:4 
V
p
L
sin  cos(90o   )

2:1  a0
CB

r
0:4 
V
L
+ 0:6  sin(90o   )  (x=L   0:4)]2
for forebody side and bow impact pressure
Service area restriction notation,
Type and service notation,
Characteristics Design vertical acceleration is an extreme value
with a 1% probability of being exceeded,
Longitudinal (surge) acceleration
acg =
V
L0:5 
3:2
L0:76  fg
or
Acceleration factor
acg =
kh  g0
1650

HS
BWL=2
+ 0:084

 (50   cg)


V=
p
L
2

L  B2
WL=2

Limits for Open 60’ None
Violations None
93Table 4.5: Open 60’ under the guide of ABS-HSC
Organisation ABS-HSC
Rule and regulation High Speed Craft (HSC) [3]
Type of vessel deﬁned High speed craft (planing craft)
Boat length limit < 130m for monohull
Demarcation V=
p
L > 2:36
Pbcg =
N1  
LW  BW
 (1 + ncg)  FD,
Pbxx =
N1  
LW  BW
 (1 + nxx) 

70   xx
70   cg

 FD
Basic formula for craft less than 130 m, or,
Pbxx =
N1  
LW  BW
 (1 + ncg)  FD  Fv
for craft less than 61m
Only for semi-planing, planing high speed craft,
Characteristics
Vertical acceleration distribution factor Kv and Fv
ncg = N2 

12  h1=3
BW
+ 1:0

   (50   cg) 
V 2  B2
W

,
Acceleration factor
nxx = ncg  kv
Deﬁnition of deadrise angle is unclear
Limits for Open 60’
for round bilge type craft
Violations None
Table 4.6: Open 60’ under the guide of ABS-ORY
Organisation ABS-ORY
Rule and regulation Offshore Racing Yacht (ORY)
Type of vessel deﬁned Offshore racing yacht
Boat length limit < 30:5m
Demarcation None
Basic formula P = 0:01  F  h
Characteristics Design head and design head reduction factor
Acceleration factor Not applied
Limits for Open 60’ None
Violations None
94Table 4.7: Scantling against bottom slamming for steel/aluminium material
Organisation Thickness of bottom
ISO 12215 t = b  kc 
r
p  k2
1000  d
LR SSC tp = 22:4  s     
r
p
f  s
BV Yachts t = 22:4  coeff    s 
r
p
ad
DNV HSLC t =
22:4  kr  s 
p
Psl
sl
ABS HSC t = s 
r
p  k
1000  a
ABS ORY t = s  c 
r
p  k
a
954.1 The International Organization for Standardization (ISO)
ISO TC 188 ISO/FDIS 12215-5 ”Hull construction - Scantlings - Part5 : Design pres-
sures for monohulls, design stresses, scantlings determination (ISO small craft)” [37]
applies to the determination of design pressures, stresses and scantlings including in-
ternal structural members of monohull small craft constructed from ﬁbre reinforced
plastics, aluminium or steel alloys, glued wood or other suitable boat building mate-
rial, with a length of hull in accordance with ISO 8666, between 2.5 m and 24 m. It
only applies to boats in the intact condition with a maximum speed equal to or less
than 50 knots in fully loaded, ready for use conditions. When Open 60’ is taken under
the ISO rule, a couple of issues occurs.
Firstly, as seen at the demarcation in Table 4.1, the Open 60’ has clear violation to
be applied by the rule of sailing craft. This violation is due to the Open 60’s light struc-
ture to make the boat be performed in a higher level. With regard to the speed and
light displacement of Open 60’, it may be inappropriate to apply the rule of sailing
craft into Open 60’. However, since the high performance sailing yacht also can dom-
inate below the planing phase i.e. the displacement mode, the application of the rule
of sailing yacht is unavoidable if the slamming pressure by the sailing craft is bigger
than by the rule of motor craft provided that the violation can be justiﬁed.
Secondly, the basic formulae for motor craft and sailing craft induce signiﬁcant
difference from the start. Rewriting the formulae in clear way which are,
PBM =
0:1  mLDC
LWL  BC
 (1 + nCG  kDC)  kAR  kL (4.1)
PBS = (2  mLDC
0:33 + 18)  kSLS  kDC  kAR  kL (4.2)
Comparing these two equations without the k - factors, i.e. (0:1mLDC)=(LWLBC)
and (2  mLDC
0:33 + 18), the latter is at least 5 times greater than the former in Open
60’s case. If rule applicable displacement of 30,000 kg of Open 60 is adopted, still the
latter is at least twofold greater that the former.
Thirdly, comparing another factor which is not in common in both equations, i.e.
(1 + nCG  kDC) in Eq.(4.1) and (kSLS  kDC) in Eq.(4.2), they behaves differently. The
nCG behaves as variable, i.e. the values depend on the Category in which the craft
operates whereas the kSLS does as a constant which is independent to Category but on
the boat’s maximum GZ value. Most of the high performance sailing yacht employs
96’canting keel system’ to maximise the GZ values, so does the Open 60’, this factor
from time to time exceeds motor boat’s limit value of nCG which is 6. These contribute
greater slamming pressure of sailing craft than the planing motor craft.
Calculated Results using ISO Standard
The calculated results of the design impact pressure at bottom area using the ISO
standard are given at Table E.5 to Table E.9 and Figure 4.1 which are divided into two
categories - motor craft and sailing craft. The calculation results show a signiﬁcant
difference between the categories that the pressure by sailing craft rule is much higher
than the one by motor craft. It can be seen that in the case of sailing craft rule deﬁned
as Eq.(E.6), initial term of (2  mLDC
0:33 + 18) and the sailing craft pressure correcting
factor for slamming, kSLS plays a synergistic and signiﬁcant role in bottom pressure
calculation, whereas the Eq.(E.5), which deﬁnes the motor craft case, reveals relatively
low pressure.
With regard to the design area, the bottom pressure is a function of kAR or kR.
Because of the relationships among kAR, kR and panel dimension shown at the Fig-
ure E.3, a minimum pressure can be found at the minimum kR which is, in this case,
the square arrangement. Because of these relationships, the calculation result of slam
patch shows relatively lower pressure in terms of plating.
On the other hand, before applying the sailing craft rule to Open 60’, the Open
60’ must satisfy the limitation stated by the rule given as Eq.(E.7). The Open 60’ does
not satisfy Eq.(E.7) which is the clear violation of applying the rule. This is because
of the light weight of the Open 60’ which is the typical in the modern racing yacht
structure. However, the bottom pressure of sailing craft rule is the monotonously in-
creasing function to the displacement of boat as shown at Figure E.4, if the Open 60’
satisﬁes the limitation, the bottom pressure will increase.
974.2 Lloyd’s Register (LR)
The Lloyd’s Register ”Rules and Regulations for the Classiﬁcation of Special Ser-
vice Craft (LR SSC)” [51] applies to the following constructed of steel, aluminum, com-
posites materials or combinations of these materials,
 High speed craft
 Light displacement craft
 Multihull craft
 Yachts of overall length 24 m or greater
 Craft with draft to depth ratio less than or equal to 0.55
A high speed craft is a craft capable of maximum speed, V, not less than V =
7:19  r1=6 knots where r is moulded displacement in m3. A light displacement craft
is deﬁned as a craft with a displacement not exceeding  = 0:04(L  B)1:5 in tonnes.
All craft classed under the LR SSC rules are assigned a service area restriction and
a service type notation as follows,
 G1 : Craft intended for service in sheltered waters and in reasonable weather
where the range to refuge is, in general, 5nm or less,
 G2 : Craft intended for service in reasonable weather, in water where the range
to refuge is 20nm or less,
 G3 : Craft intended for service where the range to refuge is 150nm or less,
 G4 : Craft intended for service where the range to refuge is 250nm or less,
 G5 : Craft intended for service where the range to refuge is over 250nm,
 G6 : Yachts having unrestricted service.
The service type notations are,
 Passenger
 Cargo
 Patrol, pilot and work boat
 Yacht
98The deﬁnition of deadrise angle is same as the ISO shown at Figure E.2. The calcu-
lation of impact pressure given by LR SSC is divided into two modes - displacement
mode and non-displacement mode.
Calculated Results using LR Standard
BecausetheyachtnotationinLRSSCisnotapplicabletotheOpen60’bythelength
limitation, the rule has applied as a non-displacement mode craft. The calculated re-
sults are shown at Table E.20 to Table E.24 and Figure 4.2. Since the LR SSC does not
take the structural arrangement into consideration but only divided the pressure at
the plating and stiffeners, the assessment of initial structure is not possible. Because
of this reason, the design pressure at Open 60’ is same to the slam patch. The forebody
slamming pressure, shown at Figure E.5 is to describe the slamming pressure espe-
cially in bow area.
It is noteworthy that since LR SSC adopts one formula for any type of vessel with
only slightly different factors which depend on the type of vessel, for example, the
service type notation Sf and service area restriction notation Gf, the magnitudes and
patterns of design pressures are consistent. Thus, it may be possible to apply the LR
SSC to high performance racing yacht with other service notation for practical use, if
the yacht does not satisfy the length limit of 24 m provided that the performances in
terms of motions are similar.
994.3 Bureau Veritas (BV)
The requirements of BV ”Rules for the Classiﬁcation and the Certiﬁcation of Yachts
(BV Yacht)” [11] are speciﬁc to ships intended for pleasure cruising, engaged or not
engaged in commercial sailing, and with a length not exceeding 100 m. The Rules
cover sailing ships and motor vessels, of monohull or catamaran type, built of steel,
aluminium, composite materials or wood and do ’not’ cover ’racing’ yachts. Ships
complying with the requirements of these Rules are assigned one of the service nota-
tions yacht or charter yacht, which is always to be completed by one of the additional
service features motor or sailing.
In BV, the rule divides the bottom slamming pressure into two categories - high
speed motor yacht and sailing yacht. For the case of motor yacht, the speed of the boat
is V  7:16  1=6, where V and  are in knots and tonnes respectively. In high speed
motor yacht, the information of speed of boat is explicitly included in the calculation
whereas the sailing yacht includes it in implicit way. However, in both cases, the wave
height informations are included in implicit way.
Calculated Results using BV Standard
Calculated results are divided into motor yacht and sailing yacht cases. Table E.31
to Table E.36 and Figure 4.3 are the corresponding results. In these results, the design
pressure by BV sailing yacht rule has similar magnitude to high speed motor yacht
provided that the speed of modern racing yacht is up to 20 to 25 knots. However,
in the motor yacht case, the speed of boat is implicitly included in the acceleration
calculation such that the pressure upon various speed can be assessed. In the sailing
yacht case, the speed of boat is not taken into account such that there is no correlation
between the speed of yacht and corresponding pressure but only type of sailing yacht
is taken into consideration.
The patterns of pressure distribution along the forebody of high speed motor yacht
and sailing yacht depict difference. Since local deadrise angles are taken in the case of
motor yacht, the pressure decreases along the forebody of the hull with peak pressure
at the midship whereas, for the sailing yacht, the pressure increases for a while to a
certain location of forebody and decreases again because the vertical accelerations at
various location of the forebody are taken into the formula. However, even formulas
are different, the design pressures are in similar degree.
100The relationship between s, u, k2 and psl are shown at the Figure E.8. As the design
area increases, the pressure decreases which is also can be seen at the results table.
1014.4 Det Norske Veritas (DNV)
The DNV ”Rules for classiﬁcation of high speed, light craft and naval surface craft
(DNV HSLC)” [17] deﬁnes the acceptance criteria for design, construction, survey and
testing of high speed, light craft and naval craft constructed in steel, aluminum or ﬁbre
reinforced composites.
It deﬁnes a light craft as one with a full load displacement not greater than  =
(0:13  L  B)1:5. A high speed craft is deﬁned as a craft capable of a maximum speed
in knots equal to or exceeding V  7:16  0:1667. In addition, a high speed and light
craft has a maximum speed of not less than 25 knots. Yachts is also included in the
HSLC rules which is deﬁned in the type and service notation as ”1A1 HLSC Yacht”
when V=
p
L > 3 and   (0:16  L  B)1:5.
Similar to the rule of LR, in DNV, vessels usually have a special service classiﬁ-
cation (passenger, car ferry, cargo, crew, yacht, patrol or naval) which depends upon
the intended service (service notation) and vessels must have a service area restriction
notation as a part of their classiﬁcation.
Calculated Results using DNV Standard
The calculated results are given at Table E.41 to Table E.43 and Figure 4.4. In the
Figure 4.4, pitching slamming pressure is dominant to other design pressures.
In DNV HSLC, pitching slamming pressure is deﬁned as a function of local dead-
rise angle shown at Eq.(E.31). Because of this deﬁnition, high pitching slamming pres-
sures are concentrated on the low deadrise angle area - midship, which contradicts to
other rules and test results. Exemplar work about this can be found at [87]. Because
of this fact, it can be inferred that the DVN HSLC is designated to the boat with a dis-
tinctive deadrise angle as power or motor yacht.
ForesideandbowimpactpressureatthebottomoftheforebodyofOpen60’which
has almost 0 deadrise angle and negative vertical extent of load area shows small
amount of pressure and when compared to other pressures, it is negligible.
Since over the craft’s speed of around 12 knots acg becomes a constant value by
Eq.(E.35), corresponding slamming pressure on the bottom remains constant.
1024.5 American Bureau of Shipping (ABS) - HSC
The ABS ”Guide for building and classing high speed craft (ABS HSC)” [3] is ap-
plicable to high speed craft for commercial or governmental use constructed of steel,
aluminum or FRP and having V=
p
L not less than 2.36. The applicability is further
deﬁned for craft type and length as Table 4.8
Table 4.8: Applicable craft type and length by ABS - HSC
Vessel type Applicable length (m)
Monohull < 130
Multihull < 100
SES < 90
Hydrofoil < 60
The design pressure can be calculated by acceleration, hull form factors, design
area factor and signiﬁcant wave height. Unrestricted service is deﬁned as operating in
sea state with a signiﬁcant wave height, greater than or equal to 4 m.
Calculated Results using ABS-HSC guide
The calculation results can be found at Table E.46 to Table E.50 and Figure 4.5.
In ABS HSC, the design pressure is the function of local acceleration, deadrise angle,
signiﬁcant wave height and boat speed. Thus, it shows the increasing tendency of
pressure along the forebody of the craft for a given boat speed and signiﬁcant wave
height. However, the deﬁnition of deadrise can be inferred from the application of
this rule that the ABS HSC is for the chined craft which has a large deadrise angle as
studied in [87].
1034.6 American Bureau of Shipping (ABS) - ORY
This ABS ”Guide for building and classing offshore racing yachts (ABS ORY)” [2]
is applicable to offshore racing yachts of up to 30.5m (100ft) in scantling length con-
structed of Aluminum, steel, cold-moulded wood laminate, FRP and wood. In this
guide, there are no factors adopted in previous rule such as acceleration, environ-
mental factor, service factor whereas only head height is used to calculated the static
pressure at the bottom.
Calculated Results using ABS-ORY guide
The calculation results are provided at Table E.53 and Figure 4.6. The rule of ABS
ORY deﬁnes the design pressure as a design head which neglects all the effects of the
factors deﬁned in previous rules. Since the rule is conﬁned to offshore racing yacht
and the geometry of the craft considered, it produces only one design pressure. Along
with this, As the design area increases, the pressure decreases as shown at Figure E.10.
1044.7 Comparisons of Rules and Slamming Experiment
Table 4.9 is the calculated results of impact pressure at slam patch where the lim-
itations are given as the wave height of 1.4m and the boat speed of 12.36knots. Table
4.10 shows the S-S model test result which is based on the wave height of 1.4m and
the boat speed of 12.85knots. Note that the pressure values in these S-S test results are
based on Gamma distribution and are maximum value of dynamic impulse pressure.
Table 4.9: Design impact pressure on slam patch by ﬁve organisations
Design pressure from x  LWL
Organisation
LCG 0.5 0.65 0.75 0.85
Limits
Category C
ISO 12215-5 100.9 101.3 192.9 192.9 192.9
sailing craft
Hs = 1:4m
LR SSC 18.2 40.4 40.4 50.5 44.0
V = 12.36 knots
Category C
BV Yachts 16.2 20.5 31.6 33.9 27.7
sailing yacht
V  12:36 knots
DNV HSLC 230.1 76.52 52.8 34.1 17.5
R5-Yacht
Hs = 1:4m
ABS HSC 16.3 16.8 17.9 18.2 17.4
V = 12.36 knots
Offshore
ABS ORY 49.1 49.1 44.2 41.0 37.7
racing yacht
Table 4.10: Impact pressure on pressure transducer and slam patch by S-S test
Pressure from x  LWL
Probability S/P P/T S/P S/P P/T
0.6 0.65 0.675 0.725 0.775
1/100 (1 %) 80.3 132.0 175.0 211.6 350.1
1/1000 (0.1 %) 104.7 173.6 243.2 289.8 480.7
Boat speed = 12.85 knots, wave height =1.4m
Note that the pressure is scaled up by Pp = Pm 
p
m
 = Density of ﬂuid
In these results, there is signiﬁcant difference between the calculation results and
model test results, graphically shown at Figure 4.7. Except the ISO, the design pres-
sures are signiﬁcantly lower than the test results and the patterns of pressure distribu-
105tion along the forebody of the craft are different.
Firstly, the difference of the design pressure can be justiﬁed that since test results
are based on constant regular waves, the slamming pressure are magniﬁed by the
heave/pitch resonant motion, which is the causality effect that the past history of mo-
tion plays signiﬁcant role on the present motion and corresponding slamming pres-
sure. In the real ocean condition, the constant regular waves may be rare event but
can not be ignored because the causality effect is not veriﬁed.
Secondly, the pattern of the pressure is because of the geometry of the measure-
ment locations in the test. The calculations are based on the local deadrise angle de-
ﬁned by each rules, however, in the test, the local deadrise angle where the measure-
ment is carried out is almost 0. Thus it can be said that the rules adopts an average
static pressure along the bottom girth whereas actual pressures depends on the local
impact angle.
Because of these reasons, it is not necessarily stated that the calculation result un-
derestimates the slamming pressure. It can be justiﬁed in such a way that in the bot-
tom area of high performance racing yacht, where the deadrise angle approaches 0,
exceptional high pressure can be occurred which is not well described in the rules.
These events is recently reported from the high performance sailing world [10].
In the Table 4.11 and Figure 4.8, the design impact pressure on the bottom plating
of Open 60’ is summarised on the unlimited service.
106Table 4.11: Design impact pressure on bottom plating of Open 60’ for unlimited ser-
vice by ﬁve organisations
Design pressure from x  LWL
Organisation
LCG 0.5 0.65 0.75 0.85
Limits
Category A
ISO 12215-5 186.2 186.9 356.1 356.1 356.1
sailing craft
Hs = 4m
LR SSC 206.6 463.7 463.7 579.6 463.7
V = 30 knots
Category A
BV Yachts 22.0 27.7 42.8 45.9 37.5
sailing yacht
V  12:36 knots
DNV HSLC 575.3 191.4 132.2 85.4 43.7
R0 Yacht
Hs = 4m
ABS HSC 233.5 252.7 304.5 319.4 318.3
V = 30 knots
Offshore
ABS ORY 61.9 61.9 55.7 51.6 47.4
racing yacht
In these results, ISO, LR and ABS-HSC is high design pressure in a similar degree
whereas DNV, BV and ABS-ORY produce relatively low pressure. Especially, the DNV
reveals an unique pressure distribution. Care must be taken with this design pressure
since Open 60’ has explicit and/or implicit violations to the rules which is a blind
point of the rules.
107Figure 4.1: Design bottom impact pressure of plating by ISO
Figure 4.2: Design bottom impact pressure of plating by LR for unlimited service
108Figure 4.3: Design bottom impact pressure of plating by BV for unlimited service
Figure 4.4: Design bottom impact pressure of plating by DNV for unlimited service
109Figure 4.5: Design bottom impact pressure of plating by ABS HSC for unlimited ser-
vice
Figure 4.6: Design bottom pressure of plating by ABS ORY for unlimited service
110Figure 4.7: Impact pressures by ﬁve organisations at limited service and test result at
Hs = 1:4m
Figure 4.8: Impact pressures by ﬁve organisations and model test result at limited
service
111Chapter 5
NUMERICAL CALCULATION OF
TRANSIENT RESPONSE
5.1 General
5.1.1 Theoretical Background
The mathematical model of the transient response of a system to an impulse can be
well described by 1-DOF system. For the sake of simplicity, 1 DOF mass-spring-half
sine impulse system is taken into consideration such that the governing equation and
the excitation force can be expressed as Eq.(5.1) and Eq.(5.2) respectively,
m x + kx = F(t) (5.1)
F(t) =
8
<
:
Fp sin
t

0  t  
0   t
(5.2)
where,
 = Duration time of impulse
The governing equation can be solved either,
 Classical method : complete solution = particular integral + complementary
function,
 Duhamel’s integral method : superposition of the responses to a sequence of
impulses,
 Laplace transform method
112In either way, the solution of the system is,
x(t) =
8
> > > > <
> > > > :
kFp
m!n
1
1   T2=42 sin

t


 
T
2
sin!nt [0  t  ]
kFp
m!n
T= cos(=T)
T2=42   1
sin!n

t  

2

[  t]
(5.3)
where,
= duration time of impulse,
T =
2
!n
= natural period of responding system.
In this solution, there is a relationship between duration time of impulse  and nat-
ural period of the system T which is shown at Figure 5.1. In the ﬁgure, as the duration
time approach the natural period of the responding system, the response or amplitude
of displacement is magniﬁed up to 1.8 times to static loading case. This characteristic
are shown at the Figure 5.1 (b) which is named ’response spectrum’ where duration
time and response are normalised to natural period of the system and response of
static load respectively.
In general, following conclusion can be drawn for the response of 1-DOF to im-
pulse excitation [54],
1. When the ratio =T is less than 1/2, the time shapes of equal impulse quantity
are secondary signiﬁcant to the maximum response,
2. When the ratio =T is less than 1/4, the impulse shape is unimportant,
3. When the ratio =T is more than 1/2, the impulse shape has signiﬁcant effect,
4. The maximum response usually occurs between 1/2 and 1 of =T,
5. The maximum value of the ratio of maximum response to the reference excita-
tion is usually between 1.5 and 1.8,
6. The effect of damping on the maximum response is less important, unless the
system is highly damped.
113In addition, when FSI and hydro-impact are concerned where the system is made
of structure and ﬂuid, further factors must be known to ﬁnd the response of the struc-
ture such as,
 Impulse characteristics of hydro-impact,
 Natural period reductions of structure due to the ﬂuid and corresponding mode
change,
 Structure and ﬂuid damping factors,
 Scaling of force and response, when model test is involved,
 Calculation methodology for FSI phenomenon.
5.1.2 History in This Study
Regarding the classic solution for the slamming phenomenon, most of the work
has been designated to ﬁnd the slamming pressure [91] [30] [28] [9] [90] [94]. In re-
cent years, works have been done to take the ﬂuid structure interaction into account
to ﬁnd the hydro-elastic effect of structure under hydro-impact theoretically or exper-
imentally [69] [22] [21] [59] [8] [48]. In these studies, especially, the studies done by
Remachandra et al [69] and Bereznitski [8] are of interest such that,
Ramachadra’s case is,
 Subject : deformations of plate in dry and wet mode
 Structure : square plate
 Mechanical properties : constant
 Loading : uniformly distributed step loading
 Variable : with/without water contact
 Objective : comparing the deformations of dry and wet mode
 Conclusions : the period of response increases, the deﬂection remains more or
less the same. More pronounced period increase in the case of sandwich struc-
ture (speciﬁc weight of structure is much less than that of water)
On the other hand, Bereznitski’s case is,
 Subject : hydro-elastic effect of beam dropping on water surface
114 Structure : 2-D beam
 Mechanical properties : constant
 Variable : rigid/ﬂexible beam
 Objective : comparing the deformations of rigid and ﬂexible beam
 Conclusions : ﬂexible beam shows signiﬁcant deformation reduction which des-
ignates hydroelastic effect.
Bothcasescannotbecompareddirectlysincetheycomparedifferentvariables. The
former case is deformation in different mode whereas the latter case is the deforma-
tion in different ﬂexibilities. This study is more likely the former case that the main
interest is the change of deformation and stress when the structure contacts with wa-
ter with ﬁxed structural ﬂexibility.
However, in previous chapter, the FSI effect is investigated by slam patch and
pressure transducer under the assumption of force transmissibility. The inverse FFT of
the spectrum of the slam patch when the hydro-impulse is applied is the force that the
structure actually feels. Comparing the transmissibilities of slam patch and pressure
transducer in wet mode in Appendix D, it can be found that,
1. Natural frequencies of slam patch are consistently reduced,
2. Peaks of transmissibility at each natural frequencies of slam patch are consis-
tently reduced,
3. The pressure the structure actually feels is dependent on the impulse duration of
the external, i.e. the excitation bandwidth in frequency domain, and FRF shape
of responding structure under the bandwidth of the external pressure,
4. If the bandwidth of external pressure remains same, the smaller transmissibil-
ity will generate smaller pressure whereas, higher transmissibility makes higher
pressure,
5. Consistent reduction of the natural frequency and transmissibility means the
ﬂuid structure interaction effect,
6. The increase or decrease of the force depends on the force transmissibility which
is determined by the geometry, mechanical properties and scantling of the struc-
ture,
1157. In this case, assuming that the bandwidth of external pressure is over 1200Hz
as shown at the previous chapter and the pressure remains same in dry and
wet modes, then signiﬁcant reduction of FRF in wet mode will generate smaller
pressure than the pressure in dry mode and thus smaller strain and stress.
1165.2 Scaling
5.2.1 Generals of Scaling
The scaling can be divided into two categories - ﬂuid and structure. Regarding the
ﬂuid, the scaling of hydro-impact pressure is based on Froude’s law or Cauchy’s law
where the selection of the law depends on the type of the hydro-impact phenomenon,
for example, Froude’s on slamming (incompressible ﬂuid) and Cauchy’s law on bub-
ble dominant sloshing (compressible ﬂuid). However, Froude number is still implic-
itly used in the both cases (slamming, sloshing) when scaling the pressure at model
to the prototype. Even it can be assumed that the ﬂuid action can be scaled by the
Froude law, it is practically difﬁcult to satisfy the structural behaviour since the struc-
tural behaviour of the prototype (for example, global natural characteristics of ship
and corresponding damping factors) is difﬁcult to quantify - especially, in the case of
transient response, the response to the impact depends on the FRF. When all these un-
knowns are cleared, based on the Froude’s law, the impulse quantity by hydro-impact
can be scaled by 3=2 and applied to prototype theoretically [73] whereas the peak
pressure is scaled by conventional way, by .
With regard to the structural viewpoint, the scaling is more complicated and has
difﬁculties than the ﬂuid case [29] [73] [85]. In the study of [73] where bending mo-
ment of ship is of interest (global structural response), the difﬁculties arises when the
model structure under slamming is taken into account. To sum up their study, the
immersed surface of the model must be geometrically similar to that of the proto-
type based on the Froude’s law. In addition, the natural frequencies, mode shapes
and damping factors must be suitably scaled. Finally, the mass distribution must be
scaled. When the bending moment by slamming is of interest, they recommended
the use of strong backbone form (for example, beam) of model to scale all the aspects
whereas the damping factor is still unclear.
However, when the plate is concerned as a simple local structure, the scale rela-
tionship can be found to study the governing equation of plate. For example, when
the governing equation of prototype plate is taken as Eq.(5.4) [88]
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Then, based on the geometric scaling , following scale relationships can be found,
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To scale the model and the prototype, the relationship of Eq.(5.5) can be found,

D
=
1
2 (5.6)
where,
D = ﬂexural rigidity of plate =
Eh3
12(1   2)
Here is where complicated problem occurs that needs proper choice of material,
scantling or even mass distribution, where two unknowns, , D and one known 
are in the equation which is also noted at Haszpra [29] and Bishop et al.[73].
In this study, the simple assumption is suggested which deals the similitude based
on the FRF of receptance or transmissibility as follows.
5.2.2 Consideration of FRF and Structural Damping
As studied in [73], geometrics, the natural frequencies, mode shapes and damping
factors must be scaled to carry out the hydro-elastic test with model. In this study, it
will be shown that the FRF must be scaled in proper way to guarantee the model and
the test result. The scaling of FRF for a complex structure can be also explored by this
concept. However, two problems are inherent that,
1181. The FRF of prototype is unknown due to the practical testing limitation,
2. EventheFRFofprototypeisknown, itisexpectedthatbuildingthemodelwhich
has scaled FRF is practically difﬁcult due to the mass and stiffness distributions.
One of the well known FRF in naval architecture is the Transfer function or RAO
(Response Amplitude Operator) where the input and output are wave amplitude and
ship motions respectively (amplitude to amplitude). Two FRFs are concerned - recep-
tance and transmissibility
Receptance
Receptance is the particular form of FRF where the response parameter is displace-
ment [15]. The simplest form of receptance can be found by 1-DOF mass-spring sys-
tem where suitable scale relationships are shown as,
Geometric scale = ,
Density p = m,
Length Lp =  Lm,
Time tp =
p
 tm
Frequency fp =
1
p

fm
Angular velocity !p =
1
p

!m
Mass mp = 3 mm,
Spring kp = 2 km,
Excitation Fp = 3 Fm.
The governing equation of the prototype is,
mp xp + kpxp = Fpei!ptp (5.7)
which can be reduced to,
(kp   mp!2
p) = Fp (5.8)
119Put the scaling relationships into Eq.(5.8),
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where,
p = Receptance of prototype,
m = Receptance of model.
The meaning of Eq.(5.9) is shown at Figure 5.2(a) graphically, where the scaling
relationships of time and receptance are shown.
Force Transmissibility
The slam patch is designed to represent the local structure of the boat. However,
the natural behaviour of the prototype is unknown, additional assumption is needed.
The scaling of the structure is based on the force transmissibility in this study. Trans-
missibility is a frequency dependent response function which deﬁnes the ratio be-
tween the response levels at two points [15] given as Eq.(5.10).
Trs =
Fs
Fr
=
rs
ss
(5.10)
where,
rs = Direct receptance = displacement at r due to the force at s,
ss = Point receptance = displacement at s due to the force at s.
The basic assumption is that if the force transmissibility is same between the pro-
totype (local structure of boat) and model (slam patch), the slam patch can be substi-
tuted for the local structure and the scale follows the Froude’s law. To ﬁnd the scaling
ofthetransmissibility, consider1DOFmass-spring-forcesystemwiththeassumptions
shown at receptance. Then the transmissibility can be,
Trs:p =
rs:p
ss:p
=
1=2 rs:m
1=2 ss:m
=
rs:m
ss:m
= Trs:m (5.11)
This means that the transmissibilities (values at ordinate) of prototype and model
must be same whereas the frequencies (values at abscissa) can be scaled by Froude’s
120law shown at Figure 5.2(b).
The measured pressure at the slam patch can be exact pressure ’felt’ by a local
structure only when slam patch and the local structure share the same force transmis-
sibility scaled by Froude’s law either in dry mode or wet mode with regardless the
details of the structural or hydro-elastic scaling. Since the slamming phenomenon is
accompanied by dry and wet modes and corresponding transmissibilities of the pro-
totype are unknown, it would be difﬁcult to satisfy the both i.e. natural frequencies
at both modes and their transmissibilities. This is where the design difﬁculty of slam
patch exists.
Consideration of Structural Damping
Structural damping is the key factor which governs the heights and shapes of each
peaks in the FRF. Especially, when the transient response by hydro-impact is con-
cerned, the magnitude of the response also depends on the damping factors at each
peaks.
Fortunate aspect of structural damping is that the response to the impulse is insen-
sitive unless the system is heavily damped, i.e. as long as the damping factor is light,
the magnitude of ﬁrst response reveals same degree to the undamped shown at Figure
5.3 where the effect of various damping factors are calculated. However, unfortunate
aspect is that it is difﬁcult to ﬁnd the accurate damping factor for large and complex
structure like ships or boats. In the case of boat which uses foam or wood based core
material in its structure, the damping factors are still unknown.
In the study of H.R.Meyer-Piening [69], the damping factors at four peaks of PVC
foam cored sandwich are sought experimentally and found 1% at each peaks as the
Rayleigh damping.
1215.3 Simulation Methodology
5.3.1 Simulation Cases
Theaimofthisnumericalsimulationistoﬁndthetransientresponsesofboatstruc-
ture when various hydro-impact pressures are applied on where the boat is in dry and
wetmodes. Inthisstudy, oneofcommercialanalysisprogram, ANSYS,isinuseforthe
numerical calculations. Before carrying out the numerical simulations on the Open 60’
cases, it is necessary to verify the calculation procedure and accuracy of ANSYS pro-
gram by comparing it to the other sources. For this reason, simple structure is studied
ﬁrst, plate in dry and wet modes where analytical solution can be derived.
The simple analysis cases are,
 Structure: plate,
 Boundary conditions: simply supported, clamped,
 Load cases: static and dynamic pressures,
 Environment: dry mode (in vacuo), wet mode (on the water),
 Results to ﬁnd: natural behaviour (natural frequency and its mode), dynamic
deﬂection as response.
For the case of the boat structure, forward part of a Open 60’ boat is modeled
using AutoCAD and Rhinoceros programs. This model is imported in ANSYS and
calculated in dry and wet modes. Since the exact inner structure is unknown, a grid
type of inner structure which is made of longitudinal stringers, frames and bulkheads
are modeled.
The analysis of Open 60’ boat is,
 Structure: forebody of simpliﬁed Open 60 structure,
 Boundary conditions: clamped at midship, simply supported at deck corners,
 Load cases: static and dynamic pressures,
 Environment: dry mode (in vacuo), wet mode (on the water),
 Results to ﬁnd: natural behaviour (natural frequency and its mode), dynamic
deﬂections and von Mises stress.
1225.3.2 Assumption for FSI
In this study, FSI is used in a conservative way in terms of structural response. In
reality, as hydro-impact proceeds, pressure arises at the ﬁrst contact point with water
and the jet ﬂow is generated along the hull section. As the jet ﬂows along the hull,
the pressure is generated along the hull section and the instant when hull section is
in contact with the jet ﬂow is the actual wet mode in that instant. Thus the wet mode
changes as the boat slams on the water surface.
From the view point of the mass of the FSI system, the water which is in contact
with the hull surface plays an important role as a changing mass. Therefore, tracing
the exact amount of the water mass is important to calculate the exact natural fre-
quencies and transient response of the structure in wet mode. However, tracing the
jet ﬂow and calculate the variations of the wet mode characteristics and water masses
at every instants is difﬁcult to achieve since detection of the exact contour of the water
surface (or changing mass) along the hull in the time scale of milliseconds is difﬁcult
by calculation accuracy, cost effectiveness or consistency of experiment.
The conservative way in this study is such that, regarding the structural response,
the response to a constant external pressure will be maximum in vacuo and minimum
at fully submerged because of the FSI effect. The response to the ongoing slamming
process from the ﬁrst contact with water to fully submerged condition via the jet ﬂow
phenomenon is assumed to be in between maximum and minimum responses since
the mass of water is in between the in vacuo and fully submerged.
In other word, the exact solution must include this changing water mass effect at
each time steps of impact process and corresponding pressure change to fully under-
stand the response of the structure. The following approximation are therefore used,
 The hull is ﬂoat or partially submerged on the water mass to represent the wet
mode,
 The hydro-impact is applied on the bottom area of structure in the wet mode.
By comparing the responses of two cases to a constant dynamic pressure - in dry
mode and wet mode, the structural integrity can be judged and remained unknown is
how to deﬁne the constant dynamic pressure.
1235.4 Veriﬁcation Example 1 - Dry Mode
A simply supported plate in dry mode is studied since this case is relatively easy
to ﬁnd the analytical solutions. The conditions used for the veriﬁcation are below.
 Structure: isotropic steel plate,
 Boundary conditions: simply supported, clamped,
 Load cases: static pressure, half-sine impulse pressure on plate,
 Environment: dry mode (in vacuo),
 Solutions to ﬁnd: natural behaviour (natural frequency and its mode), deﬂection
as response.
5.4.1 Analytical Method
Natural Frequency
When plate is simply supported, natural frequencies can be calculated by Eq.(5.12)
[88]
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On the other hand, when plate is clamped, natural frequencies can be calculated by
Eq.(5.13) [88]
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D
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(rad=sec) (5.13)
where,
m, n, i = Index number of positive integer,
a, b = Length and width of plate, if square plate a = b,
D = Flexural rigidity of plate = Eh3=12(1   2),
 = Mass density of plate,
m = Mass of plate,
i = Constant (1 = 36, 2 = 73.8, 3 = 109).
124Deﬂection by Static Load
The deﬂection by static pressure load of po in dry mode can be calculated by
Eq.(5.14) [88]
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The maximum deﬂection can be found at x = a=2 and y = b=2 in general case. If
the square plate is of interest, the maximum deﬂection is calculated at x = y = a=2
where a = b.
Deﬂection by Dynamic Load
Assumed that the dynamic load of an half sine impulse pressure is applied on
simply supported plate surface i.e. the magnitude of the pressure on plate changes in
half sine curve shape in time domain with a certain duration time. In this case, the
deﬂection can be calculated analytically using governing equation of plate given at
Appendix E.
5.4.2 Numerical Method
The commercial FEA software, ANSYS is used to calculate the responses of plate.
The static analysis procedure is relatively straightforward to calculate, which can be
referenced at ANSYS manual [5]. On the other hand, the transient analysis methods
used in this study is the full solution method which is one of the methods ANSYS
provides. The details of theoretical background of the full solution method can be
found in Appendix F. Concisely, the equations set by Newmark algorithms is solved
by Sparse Direct Solver or Frontal Solver which uses Gaussian elimination process
directly. The selection of solver depends on the number of DOF of the problem to
solve.
5.4.3 Comparison of Results
Numerical results are compared to analytical ones to verify the numerical method.
The variables used in this Veriﬁcation Example 1 are shown below.
Young’s modulus = 200 GPa,
125Poisson’s ratio = 0.3,
Density = 7000 kg=m3,
Length = 1 m,
Width = 1 m,
Thickness = 5 mm,
Duration time of impulse = 1 / 0.1 / 0.04 s,
Magnitude of impulse = 5000 Pa.
The natural frequencies of ﬁrst four modes of simply supported plate are at Table
5.1.
Table 5.1: Natural frequencies of simply supported plate
Mode Analytical Numerical Mode shape Error (%)
1 25.40 25.33 (1,1) 0.27
2 63.52 63.19 (1,2) 0.51
3 63.52 63.19 (2,1) 0.51
4 101.63 100.53 (2,2) 1.08
For the case of clamped plate, the natural frequencies are at Table 5.2.
Table 5.2: Natural frequencies of clamped plate
Mode Analytical Numerical Mode shape Error (%)
1 46.3 46.0 (1,1) 0.65
2 94.9 93.5 (1,2) 1.49
2 94.9 93.5 (2,2) 1.49
3 140.3 136.7 (2,2) 2.63
The deﬂections [mm] at mid point of the simply supported plate under static and
dynamic loads are shown at Table 5.3.
126Table 5.3: Maximum deﬂections of simply supported plate under various load type
Loading Analytical Numerical Error (%)
Static 8.87 8.79 0.90
Dynamic (duration = 0.04s) 15.46 15.37 0.58
Dynamic (duration = 0.1s) 9.75 9.99 2.40
Dynamic (duration = 1s) 9.03 9.04 0.11
Numerical calculation shows good agreement to the analytical result.
1275.5 Veriﬁcation Example 2 - Wet Mode
Since the boat ﬂoats on the water, it would be consistent when the calculation is
carried out for the plate which is ﬂoated on the inﬁnite water. For the objective of com-
parison and simplicity, analytical calculation method for wet mode is not described in
here. The calculation method of structure in wet mode can be found in various text-
books in hydroelastics or FSI [72] [70] [6] [66] [57]. However, even a simple FSI system
needs a great deal of numerical manipulation, computational process and capacity,
and because of this matter, numerical calculation results is compared to other refer-
ences of experiment and/or analytical calculation.
5.5.1 Plate on the Water Surface
In the references of [52] [49] [69] [89] [46], the ﬂoating plates on the water surface
are studied. In their studies, information of mechanical properties of plate are not
enough or vague to carry out this veriﬁcation example. One similar study is found
which carried out experiment over the plate on the water cavity [40] where the plate
is on the surface of ﬁnite water volume and selected for the veriﬁcation example.
In their experiment and analytical study, the mechanical properties and scantling
used are given as,
Young’s modulus = 107 GPa (in vacuo),
Young’s modulus = 106 GPa (on water cavity),
Poisson’s ratio = 0.3,
Mass density = 7800 kg=m3,
Density of ﬂuid = 1000 kg=m3,
Length = 170 mm,
Width = 150 mm,
Thickness = 4 mm,
Water depth = 310 mm,
Boundary condition = clamped.
1285.5.2 Numerical Method
As ﬂuid is taken into account, symmetric matrix of governing equation of structure
has off-diagonal terms with which the ﬂuid effect is taken into. The governing equa-
tion of the ﬂuid domain is acoustic wave equation. Structural equation and acoustic
wave equation are discretised and considered simultaneously in FSI problem with
ﬂuid boundary condition at the interface. For this purpose, ANSYS has acoustic ﬂuid
element of FLUID29 and FLUID30. The free surface effect is ignored in this study since
the frequency of vibration is relatively in high range, so to speak, the order of hundred
hertz or thousand.
To ﬁnd the natural frequencies and its natural modes, the generated asymmetric
matrix of a system is solved by the asymmetric eigensolver in ANSYS which uses Fre-
quency Derivative (FD) Method. The FD method uses an orthogonal set of Krylov
sequence of vectors. After mathematical manipulations, a matrix equation is obtained
and this equation is solved by Sparse matrix solver. The details of the procedure can
be found in ANSYS manual [5].
Regarding the transient response of a plate under hydro-impact load in wet mode,
there is no study so far on this subject. Because this is the main interest in this study,
this case is not included in the veriﬁcation study and the calculation will be included
in forthcoming sections.
5.5.3 Comparison of Results
For a given information from David et al [40], natural frequencies and their mode
shapes are calculated shown at Table 5.4, Table 5.5 and Figure 5.4. From ﬁrst to third
modes, natural modes are remained same with regardless to the existence of the ﬂuid.
However, at fourth and ﬁfth modes, as ﬂuid is taken into account, the mode shapes
change, i.e. the mode shapes of fourth and ﬁfth are swapped as FSI is considered.
The experimental results by David et al [40] is compared to this numerical study
for the veriﬁcation. In addition, their analytical results are also attached for the com-
parison. The comparison is summarised at Table 5.4 and Table 5.5. The error in the
tables are the difference between the experimental results of [40] and the numerical
results in this study. The numerical results agree with the experimental results satis-
factorily and can ﬁnd a consistent drop of natural frequencies.
129Table 5.4: Natural frequencies of plate in vacuo (Hz)
Mode Mode shape Experiment [40] Analytic [40] This study Error (%)
1 (1,1) 1293 1286 1282 0.85
2 (1,2) 2424 2426 2410 0.57
3 (2,1) 2804 2825 2802 0.07
4 (2,2) 3866 3884 3835 0.80
5 (1,3) 4224 4259 4209 0.35
Table 5.5: Natural frequencies of plate on water cavity (Hz)
Mode Mode shape Experiment [40] Analytic [40] This study Error (%)
1 (1,1) 1129 1154 1157 2.48
2 (1,2) 1654 1641 1633 1.26
3 (2,1) 1952 1952 1943 0.46
4 (1,3) 2687 2686 2719 1.19
5 (2,2) 2908 2877 2864 1.51
So far, the investigated structure is simple plate where the dynamic response and
natural characteristics can be found in clear and relatively easier way.
1305.6 Response of Open 60’ to Various Loads
Forebody of Open 60’ boat is modeled by AutoCAD and Rhinoceros programs and
then imported into ANSYS for the calculations. The lines and rendered model of Open
60’ are shown at Figure 5.5. Various pressure loadings are applied on the bottom of
the model to ﬁnd,
1. Response to static loading,
2. Natural behaviour (modes and natural frequencies) in dry and wet modes,
3. Transient response to dynamic loadings in dry and wet modes.
Followings are the calculation matrix and variables for the transient calculations.
5.6.1 Calculation Matrix and Variables
Loading Condition
The loading matrix is shown at the Table 5.6 where loading of ISO, arbitrary and
seakeeping-slamming tests will be compared. Generally, the design pressure by rules
are for the calculation of scantling. However, in this study, for the qualitative com-
parison of the response to various loadings, the loading calculation result of ISO and
arbitrary loading are used. The arbitrary loading follows the pressure contour of BV
yacht and according to the recommendation from Jourbert [65], maximum pressure is
ﬁxed over 350kPa. To see the FSI effect, the structure will be analysed in dry and wet
modes under the loadings.
Table 5.6: Loading matrix for transient response calculations
Design pressure [kPa] from x  LWL
Organisation Loading type
LCG 0.5 0.65 0.75 0.85
ISO 12215-5 (Hs = 1:4m) Static 100 101 193 192 192
Arbitrary Static 16 83 295 370 331
S-S test (Hs = 1:4m, 1/100) Dynamic 80 80 132 282 350
S-S test (Hs = 1:4m, 1/1000) Dynamic 105 105 174 390 480
Since the maximum response, which is the primary interest, is expected to occur
at the ﬁrst cycle, actual shape of impulse is not important such that the ﬁrst spike
impulse is substituted into the half sine impulse which is shown at Figure 5.6. The
peak pressure is quoted from the loading matrix and duration time is estimated from
131the seakeeping-slamming test result - 26.5 msec (corresponding model-scale time is
10.01 msec). Throughout the calculation, only the peak pressure changes whereas
duration time and half sine shape remain constant.
Boundary Conditions
Since forebody of the boat is taken, two boundary conditions are applied that,
 Boundary condition 1 : corners of deck are simply supported in three transla-
tional directions in which response at the bottom envelope is of interest,
 Boundary condition 2 : midship is clamped in which response at the midship
and the bottom envelope is of interest.
Figure 5.7 shows the boundary conditions in this study.
Mechanical properties
The raw materials used in this calculation are shown at Table 5.7,
Table 5.7: Raw materials for Open 60’ structure
Material [kg=m3] E[GPa]  G[GPa]
S Glass 2500 88 0.2 36.6
Kevlar49 1450 124 0.4 12.0
Epoxy 1200 3 0.37 1.095
End grain balsa 180 - - 0.3
For the qualitative study of the response, the laminate schedule is quoted from the
Whitbread 60 boat’s bottom structure given at Table 5.8 [24].
In this case, the anisotropic composite structure is substituted to equivalent lam-
inate properties using plate laminate constitutive equation and rule of mixture. The
detail of derivation of equivalent laminate properties is shown at the Appendix G.
The derived equivalent properties are given at Table 5.9.
132Table 5.8: Laminate schedule for bottom structure
Laminate No. Material [g=m2] Direction
1 Gel coat - -
2 S Glass 150 (0, 90)
3 S Glass - Kevlar 700 (0, 45, -45, 90)
4 S Glass - Kevlar 900 (0, 45, -45, 90)
5 Kevlar 49 290 (0, 90)
6 End grain balsa - -
7 Kevlar 49 290 (0, 90)
8 S Glass - Kevlar 900 (0, 45, -45, 90)
9 Kevlar 49 512 (0, 90)
10 S Glass 250 (0, 90)
Table 5.9: Mechanical properties of Open 60’ structure
Properties Value
Ex;Ey [GPa] 27.8
xy;yx 0.14
Gyz;Gzx [GPa] 0.3
 [kg=m3] 346.6
t [mm] 40.9
E=(1   2) [GPa] 28.36
1335.6.2 Response to Static Load
The responses to the static loads by two organisations (ISO and arbitrary case
based on BV) and under two boundary conditions are calculated. Figure 5.8 and
Figure 5.9 show the responses as deformation and von Mises stress. Note that the
arbitrary loading based on BV is relatively higher that ISO that the deformation and
stress by the arbitrary case are greater than the one by ISO. The summary of the static
analysis result is shown at Table 5.10 with the loading details shown at Table 5.10.
Table 5.10: Summary of static response to ISO and arbitrary loadings
Max. Max. Max.
load [KPa] deformation [mm] stress [MPa]
ISO 192 at 18.94 at 62.1 at 0.55 LWL
B/C 1 0.65 - 0.85 LWL 0.65 LWL bulkhead - bottom joint
ISO 192 at 36.21 at 85.3 at 0.45 LWL
B/C 2 0.65 - 0.85 LWL FP deck - side joint
Arbitrary 370 at 28.76 at 83.3 at 0.75 LWL
B/C 1 0.75 LWL 0.65 LWL bulkhead - bottom joint
Arbitrary 370 at 62.52 at 133 at 0.45 LWL
B/C 2 0.75 LWL FP corner of deck - side joint
5.6.3 Modal Analysis of Open 60’
Modal analysis in dry and wet modes are carried out before the transient analysis
to ﬁnd the natural characteristics. The details of the calculation procedure is given
at Appendix A. The result is given at Table 5.11 and Table 5.12, where corresponding
mode shapes are shown at Figure 5.10 to Figure 5.12.
Table 5.11: Modal analysis of forebody of Open 60’ at boundary condition 1
Dry Wet
No. B/C
Frequency Mode Frequency Mode
1 1 59.9 deck 31.2 bottom
2 1 89.9 deck, bulkhead 38.7 bottom
3 1 104.5 bulkhead, deck 56.4 bottom
4 1 109.9 bottom 61.0 bottom
In the modal analysis, it can be found that,
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Dry Wet
No. B/C
Frequency Mode Frequency Mode
1 2 38.4 2 node bending 3.9 2 node bending
2 2 60.0 deck 20.4 bottom
3 2 97.8 bulkhead, deck 34.5 bottom
4 2 107.6 bulkhead, bottom 52.2 bottom
1. The local deformations occur in dry and wet modes,
2. When water is taken into account, mode shapes are dominant at structure - ﬂuid
interface at bottom.
3. Mode shape at bulkheads are also dominant,
4. The mode shapes change as the structure is in wet mode from dry mode,
5. The ﬁrst mode at boundary condition 2 remained identical (global 2 - node bend-
ing) in both modes.
1355.6.4 Transient Response in Dry Mode
Two loading cases of impulses from seakeeping-slamming tests are applied on the
forebodyofOpen60’andtheresponsesarecalculated. Themagnitudeandtheloading
locations are shown at Table 5.6. The shapes of impulses are half-sine and the duration
time is estimated as 26.5 msec extracted from seakeeping-slamming test result. All the
loadings is applied and diminished at the same time i.e. all-in-phase. The boundary
conditions are identical to the static and modal analysis. The calculation results are
given at Table 5.13, Table 5.14 and Figure 5.13 to Figure 5.16.
Table 5.13: Transient response to seakeeping-slamming impulse loadings in dry mode
- deformation
Boundary Maximum Location of Time at max.
Loading
condition deﬂection [mm] max. deﬂection deﬂection [msec]
S-S test 0.65 LWL
1/100
1 16.4
bottom
14.84
S-S test 0.65 LWL
1/1000
1 21.7
bottom
14.84
S-S test
1/100
2 87.47 F.P 17.2
S-S test
1/1000
2 119.6 F.P 17.2
Table 5.14: Transient response to seakeeping-slamming impulse loadings in dry mode
- stress
Boundary Maximum Location of
Loading
condition stress [MPa] max. Stress
S-S test Around the corners of bulkhead joint
1/100
1 53.8
(bulkhead - deck - bottom - side)
S-S test Around the corners of bulkhead joint
1/1000
1 73.9
(bulkhead - deck - bottom - side)
S-S test 0.45 LWL Side - deck joint
1/100
2 157
(at boundary condition)
S-S test 0.45 LWL Side - deck joint
1/1000
2 214
(at boundary condition)
136Comparing the results of seakeeping-slamming loading shown at Table 5.13, Table
5.14 to the static cases of arbitrary given at Table 5.6, Table 5.10 reveals Table 5.15
and Table 5.16. Note that the difference of load between arbitrary and seakeeping-
slamming 1/100 are small whereas the loading type is quite different i.e. static and
dynamic.
Table 5.15: Comparison of loading between arbitrary and seakeeping-slamming tests
Design pressure from x  LWL
Organisation Loading type
LCG 0.5 0.65 0.75 0.85
Arbitrary Static 16 83 295 370 331
S-S test (1/100) Dynamic 80 80 132 282 350
S-S test (1/1000) Dynamic 105 105 174 390 480
Table 5.16: Comparison of response to the loading of arbitrary and seakeeping-
slamming tests in dry mode
Boundary Maximum Maximum Location of
Loading
condition deﬂection [mm] stress [MPa] maximum stress
Arbitrary 1 28.7 83.3 0.75, 0.55 LWL
S-S test (1/100) 1 16.4 53.8 0.75, 0.55 LWL
S-S test (1/1000) 1 21.7 73.9 0.75, 0.55 LWL
Arbitrary 2 61.5 133 0.45 LWL
S-S test (1/100) 2 87.4 157 0.45 LWL
S-S test (1/1000) 2 119.6 214 0.45 LWL
From the results of Table 5.15 and Table 5.16, it can be inferred that,
1. The stiffness of local structure plays an important role with regard to the deﬂec-
tion and stress. For example, though the maximum loading is applied on 0.85
LWL where the stiffeners are concentrated, however, maximum deﬂection and
stress occur at relatively low stiffness area of 0.55 - 0.75 LWL area.
2. The boundary conditions show signiﬁcant difference in terms of response. For
example in here, boundary condition 2 shows signiﬁcant increase in deﬂection
andstresswhencomparingtheloadcasesofarbitraryandseakeeping-slamming
1/100 where the load of seakeeping-slamming 1/100 is smaller than the arbi-
trary case.
1373. The maximum response occurs within the duration time of 26.5msec. At the end
time of impulse (at 26.5msec), the actual response of the structure is out of phase
to direction of load.
1385.6.5 Transient Response in Wet Mode
For this case, ﬂuid and impulse loads are applied at the same time on the bottom
of the structure. The impulse loads are same as the cases in dry mode given at Table
5.15. Following Table 5.17 and Figure 5.17 to Figure 5.34 show the calculation results.
Table 5.17: Transient response to seakeeping-slamming impulse loadings in wet mode
- deformation
Boundary Maximum Location of Time at max.
Loading
condition deﬂection [mm] max. deﬂection deﬂection [msec]
S-S 1/100 1 4.15 0.65 LWL 18.8
S-S 1/1000 1 5.38 0.65 LWL 18.8
S-S 1/100 2 18.06 0.65 LWL 51
S-S 1/1000 2 25.64 0.65 LWL 50
The maximum deﬂections are uniformly decreased when compared to the dry
mode deﬂections. Further comparison of deﬂections in dry and wet modes is given at
below Table 5.18. The ratio given in the table is the ratio of wet mode deﬂection to dry
mode deﬂection.
Table 5.18: Comparison of response to the loading of arbitrary and seakeeping-
slamming tests in dry and wet modes
Boundary Maximum Location of
Loading
condition deﬂection [mm] max. deﬂection
Ratio
Arbitrary in dry 1 28.7 0.65 LWL -
S-S test (1/100, dry) 1 16.4 0.65 LWL -
S-S test (1/1000, dry) 1 21.7 0.65 LWL -
S-S test (1/100, wet) 1 4.1 0.65 LWL 25
S-S test (1/1000, wet) 1 5.4 0.65 LWL 24.9
Arbitrary in dry 2 61.5 F.P -
S-S test (1/100, dry) 2 87.4 F.P -
S-S test (1/1000, dry) 2 119.6 F.P -
S-S test (1/100, wet) 2 18.1 0.65 LWL 20.7
S-S test (1/1000, wet) 2 25.6 0.65 LWL 21.4
In these results, it can be concluded that,
1. Because of the FSI effect, i.e. the added mass effect of ﬂuid, the deﬂection in wet
139mode signiﬁcantly and uniformly decreases,
2. In boundary condition 1 where only the bottom structure can respond to the
external load, the relatively smaller static load induces a larger deﬂection than
the dynamic load in dry mode,
3. In boundary condition 2 where the whole forebody structure can respond to the
external load, even though the loads are of similar degree between static and
dynamic loads, the deﬂection by dynamic load is twice that of the static load in
the dry mode,
4. The location of the maximum deﬂection may change, dependent on either
boundary condition or natural mode change,
5. The boat is a structure on the water surface, the behaviour in wet mode is domi-
nant. Thus, theoretically, if the deﬂection or stress in wet mode is of interest, the
structure can be re-engineered to satisfy the wet mode’s deﬂection or stress, i.e.
the scantling can be reduced to satisfy the wet mode’s response.
140(a) Response to half sine impulses
(b) Response Spectrum
Figure 5.1: Relationship between duration time and natural period in 1 DOF system
to half sine impulse
141(a) Scaling of receptance
(b) Scaling of transmissibility
Figure 5.2: Scaling of FRF
142(a) Response to impulses
(b) Zoomed up to 1 second
Figure 5.3: Response to seakeeping-slamming test impulse with various damping
143(a) 1st mode in dry (b) 2nd mode in dry (c) 3rd mode in dry
(d) 4th mode in dry (e) 5th mode in dry
(f) 1st mode in wet (g) 2nd mode in wet (h) 3rd mode in wet
(i) 4th mode in wet (j) 5th mode in wet
Figure 5.4: Mode shapes of plate on water cavity
144(a) Lines
(b) 3D model
Figure 5.5: Model of Open 60’
Figure 5.6: Shape of half sine impulse
145(a) Boundary condition 1
(b) Boundary condition 2
Figure 5.7: Boundary conditions of Open 60’
146(a) Deformation (B/C 1) (b) Deformation (B/C 2)
(c) Stress (B/C 1) (d) Stress (B/C 2)
(e) Stress (B/C 1) (f) Stress (B/C 2)
Figure 5.8: Deﬂection and stress to loading of ISO
147(a) Deformation (B/C 1) (b) Deformation (B/C 2)
(c) Stress (B/C 1) (d) Stress (B/C 2)
(e) Stress (B/C 1) (f) Stress (B/C 2)
Figure 5.9: Deﬂection and stress to arbitrary loading
148(a) 1st at B/C 1 (b) 1st at B/C 2
(c) 2nd at B/C 1 (d) 2nd at B/C 2
(e) 3rd at B/C 1 (f) 3rd at B/C 2
(g) 4th at B/C 1 (h) 4th at B/C 2
Figure 5.10: Dry mode shapes of Open 60’
149(a) 1st (Deformation) (b) 1st (Pressure)
(c) 2nd (Deformation) (d) 2nd (Pressure)
(e) 3rd (Deformation) (f) 3rd (Pressure)
(g) 4th (Deformation) (h) 4th (Pressure)
Figure 5.11: Wet mode shapes of Open 60’ at boundary condition 1
150(a) 1st (Deformation) (b) 1st (Pressure)
(c) 2nd (Deformation) (d) 2nd (Pressure)
(e) 3rd (Deformation) (f) 3rd (Pressure)
(g) 4th (Deformation) (h) 4th (Pressure)
Figure 5.12: Wet mode shapes of Open 60’ at boundary condition 2
151(a) Deformation at t=0.001 sec (b) Stress at t=0.001 sec
(c) Deformation at t=0.005 sec (d) Stress at t=0.005 sec
(e) Deformation at t=0.01484 sec (f) Stress at t=0.01484 sec
(g) Deformation at t=0.0265 sec (h) Stress at t=0.0265 sec
Figure 5.13: Response in dry mode to impulse of seakeeping-slamming 1/100 loading
with boundary condition 1
152(a) Deformation at t=0.001 sec (b) Stress at t=0.001 sec
(c) Deformation at t=0.005 sec (d) Stress at t=0.005 sec
(e) Deformation at t=0.01484 sec (f) Stress at t=0.01484 sec
(g) Deformation at t=0.0265 sec (h) Stress at t=0.0265 sec
Figure 5.14: Response in dry mode to impulse of seakeeping-slamming 1/1000 load-
ing with boundary condition 1
153(a) Deformation at t=0.001 sec (b) Stress at t=0.001 sec
(c) Deformation at t=0.005 sec (d) Stress at t=0.005 sec
(e) Deformation at t=0.0172 sec (f) Stress at t=0.0172 sec
(g) Deformation at t=0.0265 sec (h) Stress at t=0.0265 sec
Figure 5.15: Response in dry mode to impulse of seakeeping-slamming 1/100 loading
with boundary condition 2
154(a) Deformation at t=0.001 sec (b) Stress at t=0.001 sec
(c) Deformation at t=0.005 sec (d) Stress at t=0.005 sec
(e) Deformation at t=0.0172 sec (f) Stress at t=0.0172 sec
(g) Deformation at t=0.0265 sec (h) Stress at t=0.0265 sec
Figure 5.16: Response in dry mode to impulse of seakeeping-slamming 1/1000 load-
ing with boundary condition 2
155(a) Deﬂection at t=0.0001 sec
(b) Stress at t=0.0001 sec
(c) Pressure at t=0.0001 sec
Figure 5.17: Response in wet mode to impulse of seakeeping-slamming 1/100 loading
with boundary condition 1 - 0.001 sec
156(a) Deﬂection at t=0.0005 sec
(b) Stress at t=0.0005 sec
(c) Pressure at t=0.0005 sec
Figure 5.18: Response in wet mode to impulse of seakeeping-slamming 1/100 loading
with boundary condition 1 - 0.0005 sec
157(a) Deﬂection at t=0.0188 sec
(b) Stress at t=0.0188 sec
(c) Pressure at t=0.0188 sec
Figure 5.19: Response in wet mode to impulse of seakeeping-slamming 1/100 loading
with boundary condition 1 - 0.0188 sec
158(a) Deﬂection at t=0.0265 sec
(b) Stress at t=0.0265 sec
(c) Pressure at t=0.0265 sec
Figure 5.20: Response in wet mode to impulse of seakeeping-slamming 1/100 loading
with boundary condition 1 - 0.0256 sec
159(a) Deﬂection at t=0.0001 sec
(b) Stress at t=0.0001 sec
(c) Pressure at t=0.0001 sec
Figure 5.21: Response in wet mode to impulse of seakeeping-slamming 1/1000 load-
ing with boundary condition 1 - 0.0001 sec
160(a) Deﬂection at t=0.0005 sec
(b) Stress at t=0.0005 sec
(c) Pressure at t=0.0005 sec
Figure 5.22: Response in wet mode to impulse of seakeeping-slamming 1/1000 load-
ing with boundary condition 1 - 0.0005 sec
161(a) Deﬂection at t=0.018 sec
(b) Stress at t=0.018 sec
(c) Pressure at t=0.018 sec
Figure 5.23: Response in wet mode to impulse of seakeeping-slamming 1/1000 load-
ing with boundary condition 1 - 0.018 sec
162(a) Deﬂection at t=0.0265 sec
(b) Stress at t=0.0265 sec
(c) Pressure at t=0.0265 sec
Figure 5.24: Response in wet mode to impulse of seakeeping-slamming 1/1000 load-
ing with boundary condition 1 - 0.0256 sec
163(a) Deﬂection at t=0.0001 sec
(b) Stress at t=0.0001 sec
(c) Pressure at t=0.0001 sec
Figure 5.25: Response in wet mode to impulse of seakeeping-slamming 1/100 loading
with boundary condition 2 - 0.001 sec
164(a) Deﬂection at t=0.01 sec
(b) Stress at t=0.01 sec
(c) Pressure at t=0.01 sec
Figure 5.26: Response in wet mode to impulse of seakeeping-slamming 1/100 loading
with boundary condition 2 - 0.01 sec
165(a) Deﬂection at t=0.02 sec
(b) Stress at t=0.02 sec
(c) Pressure at t=0.02 sec
Figure 5.27: Response in wet mode to impulse of seakeeping-slamming 1/100 loading
with boundary condition 2 - 0.02 sec
166(a) Deﬂection at t=0.0265 sec
(b) Stress at t=0.0265 sec
(c) Pressure at t=0.0265 sec
Figure 5.28: Response in wet mode to impulse of seakeeping-slamming 1/100 loading
with boundary condition 2- 0.0256 sec
167(a) Deﬂection at t=0.03 sec (b) Pressure at t=0.03 sec
(c) Deﬂection at t=0.051 sec (d) Pressure at t=0.051 sec
Figure 5.29: Response in wet mode to impulse of seakeeping-slamming 1/100 loading
with boundary condition 2 - Beyond duration time of impulse
168(a) Deﬂection at t=0.0001 sec
(b) Stress at t=0.0001 sec
(c) Pressure at t=0.0001 sec
Figure 5.30: Response in wet mode to impulse of seakeeping-slamming 1/1000 load-
ing with boundary condition 2 - 0.0001 sec
169(a) Deﬂection at t=0.01 sec
(b) Stress at t=0.01 sec
(c) Pressure at t=0.01 sec
Figure 5.31: Response in wet mode to impulse of seakeeping-slamming 1/1000 load-
ing with boundary condition 2 - 0.01 sec
170(a) Deﬂection at t=0.02 sec
(b) Stress at t=0.02 sec
(c) Pressure at t=0.02 sec
Figure 5.32: Response in wet mode to impulse of seakeeping-slamming 1/1000 load-
ing with boundary condition 2 - 0.02 sec
171(a) Deﬂection at t=0.0265 sec
(b) Stress at t=0.0265 sec
(c) Pressure at t=0.0265 sec
Figure 5.33: Response in wet mode to impulse of seakeeping-slamming 1/1000 load-
ing with boundary condition 2 - 0.0256 sec
172(a) Deﬂection at t=0.03 sec (b) Pressure at t=0.03 sec
(c) Deﬂection at t=0.04 sec (d) Pressure at t=0.04 sec
(e) Deﬂection at t=0.05 sec (f) Pressure at t=0.05 sec
(g) Deﬂection at t=0.06 sec (h) Pressure at t=0.06 sec (i) Stress at t=0.06 sec
Figure 5.34: Response in wet mode to impulse of seakeeping-slamming 1/1000 load-
ing with boundary condition 2 - Beyond duration time of impulse
173Chapter 6
CONCLUSION AND FURTHER
WORK
6.1 Conclusion
The objectives of this study were,
1. How to measure the hydro-impact load?
2. What is the maximum hydro-impact load by the slamming to a given yacht?
3. What is the role of ﬂuid structure interaction effect?
4. How do the rules and regulations on high performance work?
5. What is the difference in response to static and dynamic load?
To achieve the objectives, slam patch system is designed and analysed to mea-
sure the local hydro-impact pressure or to represent the local structure. Through out
the drop and seakeeping-slamming test, various hydro-impact pressure are measured,
and stochastically manipulated. After that, the slamming pressure by ﬁve different
regulatory organisations are evaluated and compared. Finally, the response calcula-
tion to various load are simulated.
The conclusions obtained through this study for the objectives are that,
1. Measurement method regarding slam patch system;
The slam patch system is analysed in further degree by calculation and modal
test such that the behaviour of slam patch can not be assumed as 1-DOF system.
174For the case of measuring net hydro-impact pressure, the ﬁrst natural frequency
of the slam patch must be well beyond at least 1200Hz. It is found that below this
frequency, themeasured signalis actuallythe responseof a localstructure. How-
ever, if the slam patch represents a local structure, the assumption that transmis-
sibilities of the prototype and models are same can justify the implementation
of slam patch. Thus before the design of slam patch system, the scheme must
be well established that the slam patch will be implemented to measure the net
hydro-impact pressure or to measure the response as a local structure. When the
slam patch is designed to measure the net hydro-impact pressure, the ﬁrst natu-
ral frequency must be well out of reach of the hydro-impact pressure’s spectrum
contents. If the slam patch is schemed to represent a local structure in dry and
wet modes, the transmissibilities of the slam patch in dry and wet modes must
be identical to the full-scale’s transmissibilities.
Even under the situation that the transmissibility of the prototype is unknown,
qualitative FSI effect has been found experimentally that the natural frequencies
and transmissibility are consistently reduced. Nonetheless, matching the trans-
missibilities of full-scale and model scale still needs further study. For example,
in the modal testing, the reductions of transmissibilities and natural frequencies
are consistent. However, the transmissibilities and frequencies in dry and wet
modes in full-scale are still unknown which needs further study which will in-
volves the measurement methodology in full-scale, for example, how to carry
out a modal test in full-scale local structure?. However, it is found that the slam
patch can be designed or generalised based on the transmissibilities in dry and
wet modes since it can not be assumed as 1-DOF system.
2. Hydro-impact pressure;
In the drop test, the sampling rate of pressure transducers is expected not to be
enough to measure the hydro-impact pressure, that measured signal underesti-
mates the peak pressure - slam patch measures up to 40% higher pressure than
the pressure transducer. The quantiﬁcation of the reason of the 40% difference
in pressure is difﬁcult to trace because either the sampling rate problem or the
location of measurement where the transducer are located at the corners of slam
patch where initial impact is set up on slam patch. Nonetheless, the qualitative
patterns are found that in low drop height range (up to 0.25m in model-scale
which correspond to 1.75m in full-scale), linear relation is found between drop
height and peak pressure. At the same time, the duration time, impulse quan-
tity are expected to be converged to a certain values as the drop height increase,
175whereas convergence of peak pressure is beyond the capacity of this experiment.
On the other hand, because of the capacity limit of slam patch, it is found that up
to 6cm of drop height in model-scale (corresponding full-scale height is 0.42m),
linear relation is found.
Throughout the seakeeping-slamming test in regular sinusoidal waves, the peak
pressures at slam patch and pressure transducers show consistent Gamma or
Weibull distribution with regard to the boat speed and wave height where, the
peak pressures at slam patch are well within the capacity limit. Practically, there
is no signiﬁcant difference between the distributions where the difference in
goodness to ﬁt is about 1% and variance of 3%. On the other hand, the extreme
pressureshowsfat-tailedFr´ echettypedistributionwheresigniﬁcantlyhighpres-
sure is predicted. Duration time, rise time and impulse quantity of impact pres-
sure are expected to converge to a certain values, i.e. remained in a constant,
as the severity of slamming increases whereas only the peak pressure value in-
creases.
Regarding the longitudinal distribution of impact pressure, since the measure-
ment locations are on the ﬂat bottom, the pressure increases as the location ap-
proaches to foremost part of forebody even with the sampling rate limit in pres-
sure transducers which underestimate the peak pressure. It is noteworthy that
the local deadrise angle of the measuring locations is 0 and the test matrix uses
a constant wave height of sinusoidal wave which are the main contributions to
the exceptional high peak pressure.
3. Fluid-structure interaction effect;
The change of FRF shows clear effect of ﬂuid when the structure is on the water
surface (wet) from vacuo (dry), where natural frequencies and transmissibilities
are consistently decrease. As the transmissibilities decrease, the magniﬁcation
factor decreases whereas decreased natural frequencies will increase the magni-
ﬁcation factor. The total magniﬁcation will depends on the total power change
beneath the transmissibility curves from dry to wet. However, ﬁnding the re-
sponses to a constant impact pressure in dry and wet modes is impossible in
the experiment, it is difﬁcult to quantify the magniﬁcation or the difference of
response, but the qualitative difference is clear. Because of this reason, if same
impulse is applied to the structure, response in dry mode will be greater that the
response in wet mode.
4. Rules of regulatory organisations;
176The impact pressures by ﬁve rules are evaluated and compared to the test re-
sult. The rules use similar methodologies, which is to evaluate a static pressure.
Nonetheless, evaluated pressures show great ﬂuctuations among the rules. It is
difﬁcult to compare the impact pressures directly, since the pressure in the or-
ganisations are for the calculation of scantlings, however, the pressures by the
organisations are signiﬁcantly lower than the test results. This is because that
the Open 60’ boat is out of rule’s coverage in terms of weight, speed and local
hull form. Besides, there is no clear impact pressure to assess the already built
or designed structure in the rules, for example, the worst scenario to assess the
structural integrity.
On the other hand, the rules evaluate the impact pressure from bottom to water-
line area and the impact pressure are evaluated in terms of local deadrise angle
which is the mean value from bottom of centre line of boat to waterline. This
is partly the reason that the impact pressure is underestimated in the bottom
area of the hull. However, regarding the real sea condition, it is hard to jus-
tify seakeeping-slamming test matrix which has a constant height of sinusoidal
waves but cannot be neglected. This remains as further study.
5. Structural responses;
The two nodes bending situation (boundary condition 2 in this study) where
whole forebody structure can respond to the external load reveals that even if
the loads are in similar degree between static and dynamic loads, the deﬂec-
tion by dynamic load is twofold greater that the static load in dry mode. This
difference is result from the structure’s natural behaviour. However, signiﬁcant
decrease in deformation (down to 25% of defomation in dry) is found when the
structure is in wet mode because of the ﬂuid effect which is as added mass. As
the structure is in wet mode from dry, mode shape changes and makes the sig-
niﬁcant effect in response, i.e. the change of the location of maximum response.
In terms of responses in dry and wet, the maximum response is expected at dry
and minimum response is at wet. As the structure impacts on water, the struc-
ture experiences mode change from dry to wet modes and actual process of the
water impact accompanies interim mode, so called, semi-dry or semi-wet, for
example, at initial impact, part of structure is in wet and part of it is in dry as im-
pact pressure generates and spreads. Thus, it can be expected that the response
during the impacting is in-between the responses of dry and wet modes where
the response at wet mode is conservative one. If the response at wet mode is
beyond the structure’s strength, the structure will fail in dry mode too, since the
177response at dry mode is higher than in wet mode.
In terms of natural behaviour of structure, as the structure is in wet mode, nat-
ural mode changes and the response and stress concentrated in the structural
member which has the lowest natural frequency. Thus, conservative calculation
must be followed to ﬁnd the natural mode changes and changes in response and
stress which is expected to be critical in highly engineered structure. In other
word, structural design of local structure must take the mode shape change into
account when the structure involves the ‘slamming in wet mode’ situation.
To summarise the conclusions,
1. Slam patch application
(a) Slam patch system can be implemented to measure either the net hydro-
impact pressure or the response of the local structure, which depends on
the experiment and design schemes,
(b) For the case of measuring net hydro-impact pressure, the ﬁrst natural fre-
quency of the slam patch must be well beyond the signiﬁcant frequency
component of the hydro-impact pressure (in this study, around 1200Hz),
(c) For the case of representing local structure, the transmissibility of the slam
patchmustbescaledbasedonthetransmissibilityofthefull-scalestructure.
2. Drop and seakeeping-slamming tests;
(a) Most of the power of the net hydro-impact pressure at slam patch is ex-
pected within the range of 200Hz, however, because of the magniﬁcation
effect of the slam patch driven by the resonance characteristics, gain of
unity (=1) up to 1200Hz must be secured to measure the net hydro-impact
pressure,
(b) In this case of slam patch, the measured pressure contains local structure’s
magniﬁcation effect by resonance, for example, when the measure pressure
is low pass ﬁltered at 200Hz, pressure reduction of 40% is found,
(c) In drop test, linear relationship is found between drop height and peak
pressure/impulse quantity,
(d) In seakeeping-slamming test, the duration time, rise time and impulse
quantity converge to a speciﬁc value as peak pressure increases,
(e) In seakeeping-slamming test, foremost area of forebody shows the highest
hydro-impact pressure,
178(f) The peak pressures at various wave height and boat speed show consistent
Gamma or Weibull distribution in seakeeping-slamming test,
(g) The extreme pressure in seakeeping-slamming test shows fat-tailed Fr´ echet
type distribution.
3. Rules and Regulations;
(a) The rules and regulations by ﬁve organisations (ISO, LR, BV, DVN and
ABS) are based on static pressure methodology in slamming design load
evaluation,
(b) Methodologies are similar to each other, however, ﬁnal slamming load are
signiﬁcantly different, even with experimental result,
(c) Underestimated design pressure by the rules and regulations are depen-
dent on the local deadrise angle, which is an averaged deadrise angle from
bottom to waterline,
(d) With regard to the pressure distribution in longitudinal direction, foremost
part of forebody shows the highest hydro-impact pressure which is not
taken into account in rules and regulations because of the local deadrise
angle deﬁnition,
(e) High performance racing yacht is blind point in current rules and regula-
tions in terms of pressure and pressure distribution.
4. Numerical calculation of structural response;
(a) Boundary condition is critical in the analysis that realisation of proper
boundary condition is needed,
(b) In static analysis, the joint area of bulkhead and bottom shell is the stress
concentrated area,
(c) In modal analysis, dry and wet modes show a signiﬁcant mode shape
changes,
(d) Mode shape at bulkhead can not be neglected as the damage case in real
world reported [77],
(e) The water plays signiﬁcant roles in response, i.e. the ﬂuid structure inter-
action effect is signiﬁcant,
(f) In transient response in dry mode, the ﬁrst maximum deﬂection is within
the duration time of impact whereas in the transient response in wet mode,
the ﬁrst maximum deﬂection is out of the duration time of impact,
179(g) In transient response in dry mode, the perimeter of bulkhead and sheer line
area (side shell and deck joint) are stress concentrated,
(h) In wet mode, the transient response reduces by 80% that consistently,
(i) Since the experiment at dry mode with equivalent hydro-impact pressure is
difﬁcult to carry out, the veriﬁcation is not established. However, because
of the ﬂuid effect, it is expected that the response at wet mode will reduce to
a certain degree, compared to the dry mode response (This can be also in-
ferred from the modal test result of slam patch where consistent reductions
of natural frequency and transmissibility),
(j) The actual deﬂection is expected to be the function of water mass propaga-
tion, that is to say, how fast and at the same time, how much water mass
propagate along the hull,
(k) With thisexemplary study, the structuraldesign of localstructure musttake
the mode shape change into account as the structure changes its mode from
dry to wet involving slamming, since as the structure changes its mode
from dry to wet, the stress seeks the structural member which has the low-
est natural frequency,
(l) Rareeventsofexceptionalslammingcanbeconsideredusingextremevalue
analysis.
1806.2 Further work
Throughout this study, various aspects of further work are found and still remain.
1. The applicability of slam patch;
The slam patch must have a clear scheme to measure either the net hydro-impact
pressure or to represent exact local structure in terms of FRF. To achieve measur-
ing the net hydro-impact pressure, the ﬁrst natural frequency of the slam patch
must be well beyond the excitation spectrum by selecting adequate geometry,
scantling and materials, whereas when representing the local structure is the
scheme, the full-scale and model-scale must share a scaled transmissibility, i.e.
the full-scale’s transmissibility must be known,
2. Scaling law for hydro-impact phenomenon;
Froude’s law is implicit used in marine industries but this must be veriﬁed, or
even the structural response may be included in the scaling law study,
3. Further realistic seakeeping-slamming test matrix;
Seakeeping-slamming test must be carried out to higher and steeper or even
spectrum based waves which represent the real condition,
4. Numerical calculation with the exact data of an Open 60’ structure;
For quantitative study, real structural data of Open 60’ must be obtained and
adequate boundary condition must be applied,
5. Full FSI study of hydro-impact in numerical way;
To compare the dynamic response of this study, full FSI study may be carried
out, experimentally or numerically.
6. Extreme case study;
A study of the extreme cases must be studied further which includes the mech-
anisms of plasticity, fatigue and fracture of composite structure.
However, recent report from the front line in the sailing world supports the need
for further study too.
181Appendix A
CALCULATION PROCEDURE
FOR FLUID STRUCTURE
INTERACTION IN ANSYS
The ﬂuid pressure load acting on the interface is added to the equation of the struc-
ture of Eq.(A.1). Fluid pressure can be calculated from typical acoustics1 using wave
equation of ﬂuid of Eq.(A.2) or Eq.(A.3), the element matrices of Eq.(A.2). Boundary
condition at interface (interfacing structure and ﬂuid) is continuity that the normal
displacement of the structure must be identical to that of the ﬂuid. This is natural
boundary condition[32] and can be expressed in Eq.(A.4)
 Me ~  ue +  Ce ~ _ ue +  Ke ~ ue = ~ Fe (A.1)
1
c2
@2P
@t2   r2P = 0 or
1
c2
@2P
@t2   ~ LT(~ LP) = 0 (A.2)
Z
V
1
c2P
@2P
@t2 dV +
Z
V
(~ LTP)(~ LP)dV =
Z
S
~ nTP(~ LP)dS (A.3)
~ n  ~ rP =  o~ n 
@2~ u
@t2 or ~ nT(~ LP) =  o~ nT @2~ u
@t2 (A.4)
where,
 M = mass matrix,
 C = damping matrix,
1Acoustics is deﬁned as the generation, transmission and reception of energy in the form of vibra-
tional waves in matter
182 K = stiffness matrix,
~ F = external load vector,
c = speed of sound in ﬂuid,
P = acoustic pressure,
t = time,
 = density of ﬂuid,
V = volume,
S = interface surface,
P = virtual change in pressure,
~  u = nodal acceleration vector,
~ _ u = nodal velocity vector,
~ u = nodal displacement vector,
~ n = unit normal vector to interface,
L = matrix operator such that,
~ LT = r  () =

@
@x
@
@y
@
@z

,
~ L = r().
By substituting Eq.(A.4) into Eq.(A.3), following Eq.(A.5) is obtained.
Z
V
1
c2P
@2P
@t2 dV +
Z
V
(~ LTP)(~ LP)dV =
Z
S
oP~ nT @2~ u
@t2 dS (A.5)
To change Eq.(A.3) into the form of ﬁnite element matrix form, following equations
are employed.
P = ~ N1
T ~ Pe (A.6)
u = ~ N2
T
~ ue (A.7)
183@2P
@t2 = ~ N1
T ~  Pe (A.8)
@2~ u
@t2 = ~ N2
T ~  ue (A.9)
P = ~ N1
T ~ Pe (A.10)
 B = ~ L ~ NT (A.11)
where,
~ N1 = Element shape function for pressure,
~ N2 = Element shape function for displacements,
~ Pe = Nodal pressure vector,
~ ue = Nodal displacement component vectors = ~ uxe , ~ uye , ~ uze.
Substituting Eq.(A.6) to Eq.(A.11) into Eq.(A.5), the ﬁnite element statement of the
wave equation of Eq.(A.2) can be obtained as,
Z
V
1
c2
~ Pe
T ~ N1 ~ N1
T
d(V ) ~  Pe +
Z
V
~ Pe
T  BT  BdV ~ Pe
+
Z
S
o ~ Pe
T ~ N1~ nT ~ N2
T
dS ~  ue = ~ 0
(A.12)
or
1
c2
Z
V
~ N1 ~ N1
T
dV ~  Pe +
Z
V
 BT  BdV ~ Pe
+ o
Z
S
~ N1~ nT ~ N2
T
dS ~  ue = ~ 0
(A.13)
Eq.(A.13) can be written in matrix form of the descretised wave equation as
 MP
e
~  Pe +  KP
e ~ Pe + o  RT
e ~  ue = ~ 0 (A.14)
where,
 MP
e =
1
c2
Z
V
~ N1 ~ N1
T
dV = Fluid mass matrix,
184 KP
e =
Z
V
 BT  BdV = Fluid stiffness matrix,
o  Re = o
Z
S
~ N1~ nT ~ N2
T
dS = Coupling mass matrix.
By adding the ﬂuid pressure at interface to equation of structure of Eq.(A.1), com-
plete description of FSI problem can be found as,
 Me ~  ue +  Ce ~ _ ue +  Ke ~ ue = ~ Fe + ~ F
p
e (A.15)
Fluid pressure load vector at interface is,
~ F
p
e =
Z
S
~ N2P~ ndS =
Z
S
~ N2 ~ N1
T
~ ndS ~ Pe =  Re ~ Pe (A.16)
where,
 Re =
Z
S
~ N2P~ ndS (A.17)
Substituting Eq.(A.16) to Eq.(A.15), following elemental equation of the structure
is obtained.
 Me ~  ue +  Ce ~ _ ue +  Ke ~ ue    Re ~ Pe = ~ Fe (A.18)
Eq.(A.18) and Eq.(A.14) describe the complete ﬁnite element equations for the FSI
problem and can be written in assembled form as,
"
 Me  0
 Mfsi  M
p
e
#(
~  ue
~  Pe
)
+
"
 Ce  0
 0  0
#(
~ _ ue
~ _ Pe
)
+
"
 Ke  Kfsi
 0  K
p
e
#(
~ ue
~ Pe
)
=
(
~ Fe
~ 0
)
(A.19)
where,
 Mfsi = o[Re]T,
 Kfsi =  [Re].
185Note that the damping effect in the wave equation is neglected.
To ﬁnd the natural frequencies of the system, structural damping and external load
are ignored and then Eq.(A.19) can be written as,
"
 Me  0
 Mfsi  M
p
e
#(
~  ue
~  Pe
)
+
"
 Ke  Kfsi
 0  K
p
e
#(
~ ue
~ Pe
)
=
(
~ 0
~ 0
)
(A.20)
To solve the unsymmetric system matrices written as Eq.(A.20), unsymmetric
eigensolver is available in ANSYS. A generalised eigenvalue problem given by
Eq.(A.21) can be solved using the mode-frequency analysis.
 K ~ i = i  M ~ i (A.21)
where,
 K;  M = Unsymmetric stiffness and mass matrices of a system,
i = Eigenvalue,
~ i = Eigenvector.
The method in the unsymmetric eigensolver is the Lanczos algorithm. Starting
from two random vectors ~ v1, ~ w1, the system matrices  K and  M of size n are trans-
formed into a tridiagonal matrix  B which has subspace size of q, where q  n through
the Lanczos bi-orthogonal transformation. Eigenvalues of the  B matrix, i, are com-
puted as approximations of the original system eigenvalues i. The QR algorithm [38]
is used to extract the eigenvalues of the  B matrix. As the subspace size q increases, the
~  converges to closely approximate the eigenvalues of the original system.
The transformed system is a standard eigenvalue problem given by,
 B ~ yi = i~ yi (A.22)
The eigenvalues and eigenvectors of Eq.(A.21) and Eq.(A.22) are related by,
i =
1
i
(A.23)
186~ i =  V ~ yi (A.24)
where,
 V = matrix of Lanczos vectors of size n  q.
More details of the procedure can be found in ANSYS manual.
187Appendix B
LAMINATE PROPERTY OF SLAM
PATCH
The calculation is based on rule of mixture. The raw materials are woven roving of
ﬁbreglassreinforcementandpolyestermatrix. Mechanicalpropertiesofrawmaterials
are assumed by typical value and shown in Table B.1
Table B.1: Mechanical properties of raw material for slam patch
Reinforcement Matrix
Material E-glass ﬁbre Polyester resin
Density (kg=m3) 3800 900
Young’s modulus Ex (GPa) 72 2.5
Young’s modulus Ey (GPa) 72 2.5
Shear modulus Gxy (GPa) 29 3.4
Poisson’s ratio xy 0.2 0.38
The GRP structure is laminated based on weight fraction, i.e. reinforcement and
matrix is mixed by weight. The weight fractions for reinforcement and matrix are
Wf = 0:5 and Wm = 0:5 each. Evaluating mechanical properties of the laminate, ’Rule
of mixtures’ assumption is referred [14][71].
Another assumption is referred that since the SHELL99 element in ANSYS does
not support woven roving conﬁguration, the woven roving reinforcement is separated
into two uni-directionals and the mechanical properties are calculated on the unidirec-
tional laminate.
188 Density of composite,
c =
1
Wf
f
+
Wm
m
(B.1)
 Young’s modulus,
E1 = EfVf + EmVm (B.2)
 Poission’s ratio
12 = fVf + mVm (B.3)
M
Mm
=
1 + Vf
1   Vf
(B.4)
where,
1,2,3 = longitudinal, transverse and thickness directions each,
 =
Mf=Mm   1
Mf=Mm + 
,
M = E2 or G12,
G = shear modulus,
Mf = Ef or Gf respectively,
Mm = Em or Gm respectively,
 = 2 in E2,
 = 1 in G12.
The shear modulus in terms of transverse and thickness directions is,
G23
Gm
=
1 + Vf
1   Vf
(B.5)
where,
 =
Gf=Gm   1
Gf=Gm + 
 =
km
Gm
=

km
Gm
+ 2

km =
Em
2(1   m   22
m)
189Appendix C
SLAM PATCH IN DRY AND WET
MODES
Element details are,
 Slam patch panel, bridge structure and stiffening plate: SHELL99
 Load cell block and connecting rod: SOLID92
 Fluid domain: FLUID30
 Number of elements
– Slam patch: 4224
– Fluid: 6425
(a) In dry mode (b) In wet mode
Figure C.1: FEA model of S/P
190(a) 1st mode (b) 2nd mode
(c) 3rd mode (d) 4th mode
Figure C.2: Mode shape of slam patch in dry mode
191(a) 1st mode (b) 2nd mode
(c) 3rd mode (d) 4th mode
Figure C.3: Mode shape in wet mode (displacement)
192(a) 1st mode (b) 2nd mode
(c) 3rd mode (d) 4th mode
Figure C.4: Mode shape in wet mode (pressure)
193Appendix D
MODAL TESTING OF SLAM
PATCH IN DRY AND WET
MODES
The lines shown are the FRFs of each impact test and black bold line is average
FRF.
 Point FRF: impact point is in line with measurement point where impact and
measurement are normal to panel.
 Transfer FRF: impact point is in parallel with measurement point where impact
and measurement are normal to panel.
Comparing the FRFs of dry and wet modes (transfer FRF), because of the ﬂuid
structure interaction effect, consistent decreases of transmissibility and frequency can
be observed.
194Figure D.1: Point FRF of slam patch No.1 in dry mode
Figure D.2: Point FRF of slam patch No.2 in dry mode
195Figure D.3: Point FRF of slam patch No.3 in dry mode
Figure D.4: Point FRF of slam patch No.4 in dry mode
196Figure D.5: Point FRF of slam patch No.5 in dry mode
Figure D.6: Point FRF of slam patch No.6 in dry mode
197Figure D.7: Transfer FRF of slam patch No.1 in dry mode
Figure D.8: Transfer FRF of slam patch No.2 in dry mode
198Figure D.9: Transfer FRF of slam patch No.3 in dry mode
Figure D.10: Transfer FRF of slam patch No.4 in dry mode
199Figure D.11: Transfer FRF of slam patch No.5 in dry mode
Figure D.12: Transfer FRF of slam patch No.6 in dry mode
200Figure D.13: Transfer FRF of slam patch No.1 in wet mode
Figure D.14: Transfer FRF of slam patch No.2 in wet mode
Figure D.15: Transfer FRF of slam patch No.3 in wet mode
201Figure D.16: Transfer FRF of slam patch No.4 in wet mode
Figure D.17: Transfer FRF of slam patch No.5 in wet mode
Figure D.18: Transfer FRF of slam patch No.6 in wet mode
202Appendix E
IMPACT PRESSURE BY RULES
AND REGULATIONS
Table E.1 and Figure E.1 are the principal characteristics and body plan of Open
60’ in this study, which is designed by Groupe Finot, France.
Table E.1: Principal characteristics of Open 60’ design
Principals Values
 (kg) 11290
 (tonnes) 11.29
r (m3) 11015
LOA (m) 18.280
LWL (m) 16.968
B (m) 5.774
BWL (m) 3.890
BC (m) 4.80
d, T (m) 0.405
Awp (m2) 45.04
Awet (m2) 47.41
Am (m2) 1.1368
Cb 0.4121
Cp 0.5712
Cvp 0.6039
Cm 0.7216
Cwp 0.6824
LWL=BWL 4.362
203BWL=Tc 9.605
LWL=r1=3 7.625
VCB (m) 0.253
kyy (m) 0.219
KMtrans (m) 3.826
KMlong (m) 61.287
KG (m) 0.667
Max GZ GZmax<60 (m) 1.8
V (knots) 12.36, 15, 20, 25, 30
V=
p
L 3, 3.6, 4.85, 6.06, 7.27
Location Lx, xL CG, 0:5L, 0:65L, 0:75L, 0:85L
Deadrise at 0:85L 0:85L (degree) 32, 27, 19
Deadrise at 0:75L 0:75L (degree) 27, 16, 10
Deadrise at 0:65L 0:65L (degree) 23, 10, 6:5
Deadrise at 0:5L 0:5L (degree) 20, 7:5, 4:5
Deadrise at CG cg (degree) 19, 7, 1:5
 (degree) 4
Hs (m) 1.4, 3, 4, 5, 7
GWL (m) 4.08
Spacing of frame of Open 60’ (m) 0.9
Span of stiffener of Open 60’ (m) 0.3
Panel area of Open 60’ (m2) 0.27
Spacing of S/P (m) 0.56
Panel area of S/P (m2) 0.3136
* : by ISO, LR ** : by BV *** : by DNV
Table E.2 is the relationship between design category and signiﬁcant wave height
in this study, if not speciﬁed.
Table E.2: Design category vs. signiﬁcant wave height Hs
Design category Hs
A Hs  4m
B 2:5m  Hs < 4m
C 0:5m < Hs < 2:5m
D Hs  0:5m
204E.1 The International Organization for Standardization (ISO)
E.1.1 Design Pressure
Motor craft bottom pressure for semi displacement and planing craft (V=
p
LWL >
3:6, where V is in knots), PBM is the greater of Eq.(E.1) or Eq.(E.2),
PBM = PBMbase  kAR  kL (kN=m2) (E.1)
PBMmin = 0:45  mLDC
0:33 + 0:68  LWL  kDC (E.2)
The bottom pressure PBS for sailing craft is the greater of Eq.(E.3) or Eq.(E.4),
PBS = PBSbase  kDC  kL  kAR (kN=m2) (E.3)
PBSmin = 0:9  mLDC
0:33   4 (E.4)
where,
PBMbase =
0:1  mLDC
LWL  BC
 (1 + nCG  kDC) (E.5)
PBSbase =
 
2  mLDC
0:33 + 18

 kSLS (E.6)
The sailing craft design pressure equations are applicable within the following lim-
its,
 Category A and B boats for which
10  LWL
mLDC
0:33 < 5:1 + 0:08  LH (E.7)
 Category C and D boats for which
10  LWL
mLDC
0:33 < 7 (E.8)
205E.1.2 Acceleration
Acceleration or dynamic load factor nCG for semi displacement and planing motor
craft where V=
p
LWL  3:6 shall be determined from Eq.(E.9) or Eq.(E.10),
nCG = 0:32 

LWL
10  BC
+ 0:084

 (50   )

V 2  B2
C
mLDC

(g) (E.9)
nCG =
0:5  V
mLDC
0:17 (g) (E.10)
where,
 = Deadrise angle deﬁned at Figure E.2.
If Eq.(E.9) yields an nCG value less than 3.0, the value given by Eq.(E.9) shall be
used or if Eq.(E.9) yields an nCG value greater than 3.0, the greater of 3.0 or the value
from Eq.(E.10) shall be used. However, nCG need not to be taken greater than the
values given in Table E.3, according to craft type.
Table E.3: Dynamic load factor nCG and upper limit according to craft type by ISO
Normal mode of operation at
maximum speed
Example nCG (g)
Craft is primarily intended
to be supported by a combination
Cruising boat
3.0
of buoyancy and planing forces
(semi-planing, planing)
Craft may be entirely clear of the water
for short periods of time in normal
Recreational RIBS
4.5
operation (i.e. become airborne)
and sports boats
Craft may be entirely clear of the water
and craft is not intended to change
Rescue craft
6.0
course and speed to reduce sea loads
offshore racing boats
In addition to the above case, the craft is
ﬁtted with crew securing devices
Shock absorbing seats,
7.0
or requires special operating procedures
belts, standing operation
The dynamic load factor nCG for sailing craft and displacement motor craft where
V=
p
LWL  3:6 is that, for sailing craft, nCG is not used for pressure determination. It
is only used in the calculation of kL for which purpose, the value of nCG shall be taken
206as 3. For motor craft where nCG by formula may be less than 3.0 from Eq.(E.9), a value
of 3.0 is still to be used for calculation of kL.
207E.1.3 Factors
Design category factor kDC
The design category factor is shown at Table E.4.
Table E.4: Design category factor kDC by ISO
Design category A B C D
Sea Ocean Offshore Inshore Sheltered waters
Value of kDC 1 0.8 0.6 0.4
Longitudinal pressure distribution factor KL
kL =
1   0:167  ncg
0:6

x
LWL
+ 0:167  ncg for
x
LWL
 0:6 (E.11)
where,
KL  1,
= 1 for
x
LWL
 0:6
For the purpose of determination of kL, nCG shall not be taken less than 3.
x
LWL
is the position of the centre of the panel or middle of stiffener analysed pro-
portional to LWL, where
x
LWL
= 0 and 1 are respectively the aft end and fore end of
LWL.
Area pressure distribution factor kAR
kAR =
kR  0:1  mLDC
0:15
AD
0:3 (E.12)
where,
kR = Structural component and boat type factor where,
kR = 1 for panels and stiffeners in motor craft,
kR = 1:5   (3  10 4  b) for panels in sailing craft,
kR = 1   (2  10 4  lu) for sailboat stiffeners,
208AD = Design area under consideration in m2,
AD = (l  b)  10 6 for plating,
AD = (lu  s)  10 6 for stiffeners,
b = Shorter dimension of panel between two closest stiffeners in mm,
l = Longer dimension of panel between two closest stiffeners in mm,
lu = Long dimension(unsupported length) of stiffener in mm,
s = Spacing of stiffeners in mm.
kAR shall not be taken greater than 1 and shall not be taken less than,
 Motor craft hull
– kARMIN = 0.25 when used in ﬂexural strength and ﬂexural stiffness
calculations
– kARMIN = 0.40 when used in panel shear strength calculations
(cored panels)
 Sailing craft hull
– kARMIN = 0.25 when used in ﬂexural strength and ﬂexural stiffness
calculations
– kARMIN = 0.65 when used in panel shear strength calculations
(cored panels) for
x
LWL
 0:60
– kARMIN = 0.40 when used in panel shear strength calculations
(cored panels) for
x
LWL
 0:40
– kARMIN is to be interpolated between the two latter values for
0:40 <
x
LWL
< 0:60
Sailing craft pressure correcting factor for slamming kSLS
kSLS =

1025   GZmax<60  LWL
0:5
mLDC
0:33
0:5
(E.13)
which is not to be taken less than 1.
209E.1.4 Calculation result
Table E.5 to Table E.9 depict calculation results.
210Table E.5: Pressure calculation results at V = 12:36 knots by ISO
Location at LCG at 0.5 LWL > 0.6 LWL
V=
p
LWL 3
Boat type Sailing craft or displacement type
Design category factor, kDC 1 (Category A)
Dynamic load factor, nCG 3
Longitudinal pressure
distribution factor, kL
0.523 0.525 1
Structural component and 1:410a
boat type factor, kR for Open 60’ 0:820b
Structural component and 1:332a
boat type factor, kR for S/P 0:888b
Design area, AD for Open 60’ 0.27
Design area, AD for S/P 0.3136
Area pressure distribution 0:8467a
factor, kAR for Open 60’ 0:4924b
Area pressure distribution 0:7647a
factor, kAR for S/P 0:5098b
Sailing craft pressure
correcting factor, kSLS
6.8405
Minimum sailing craft
bottom pressure, PBSmin
15.57
Sailing craft bottom
base pressure, PBSbase
420.64
Sailing craft bottom pressure, 186:27a 186:98a 356:16a
PBS for Open 60’ (Category A) 108:32b 108:74b 207:12b
Sailing craft bottom pressure, 168:23a 168:87a 321:66a
PBS for S/P (Category A) 112:15b 112:58b 214:44b
Sailing craft bottom pressure, 100:93a 101:32a 192:99a
PBS for S/P (Category C) 67:29b 67:54b 128:66b
In sailing craft case, the structure is divided into panel and stiffener such that, a : for panel, b : for stiffener
211Table E.6: Pressure calculation results at V = 15 knots by ISO
Location at LCG at 0.5 LWL > 0.6 LWL
V=
p
LWL 3.63
Boat type Semi planing or planing type
Design category factor, kDC 1 (Category A)
Dynamic load factor, nCG 1.993
Longitudinal pressure
distribution factor, kL
0.833 0.888 1
Structural component and
boat type factor, kR
1
Design area, AD for Open 60’ 0.27
Design area, AD for S/P 0.3136
Area pressure distribution
factor, kAR for Open 60’
0.600
Area pressure distribution
factor, kAR for S/P
0.574
Minimum motor craft
bottom pressure, PBMmin
21.32
Motor craft bottom
base pressure, PBMbase
41.48
Motor craft bottom
pressure, PBM for Open 60’
20.74 22.10 24.88
Motor craft bottom
pressure, PBM for S/P
19.83 21.14 23.80
*: Pressures for panel and stiffener in motor craft are same because of the kR
212Table E.7: Pressure calculation results at V = 20 knots by ISO
Location at LCG at 0.5 LWL > 0.6 LWL
V=
p
LWL 4.85
Boat type Semi planing or planing type
Design category factor, kDC 1 (Category A)
Dynamic load factor, nCG 3.542
Longitudinal pressure
distribution factor, kL
0.898 0.932 1
Structural component and
boat type factor, kR
1
Design area, AD for Open 60’ 0.27
Design area, AD for S/P 0.3136
Area pressure
distribution factor, kAR for Open 60’
0.600
Area pressure
distribution factor, kAR for S/P
0.574
Minimum motor craft
bottom pressure, PBMmin
21.32
Motor craft bottom
base pressure, PBMbase
62.96
Motor craft bottom
pressure, PBM for Open 60’
33.92 35.20 37.77
Motor craft bottom
pressure, PBM for S/P
32.45 33.68 36.13
*: Pressures for panel and stiffener in motor craft are same because of the kR
213Table E.8: Pressure calculation results at V = 25 knots by ISO
Location at LCG at 0.5 LWL > 0.6 LWL
V=
p
LWL 6.06
Boat type Semi planing or planing type
Design category factor, kDC 1 (Category A)
Dynamic load factor, nCG 5.535
Longitudinal pressure
distribution factor, kL
0.981 0.987 1
Structural component and
boat type factor, kR
1
Design area, AD for Open 60’ 0.27
Design area, AD for S/P 0.3136
Area pressure
distribution factor, kAR for Open 60’
0.600
Area pressure
distribution factor, kAR for S/P
0.574
Minimum motor craft
bottom pressure, PBMmin
21.32
Motor craft bottom
base pressure, PBMbase
90.59
Motor craft bottom
pressure, PBM for Open 60’
53.32 53.65 54.35
Motor craft bottom
pressure, PBM for S/P
51.01 51.32 52.00
*: Pressures for panel and stiffener in motor craft are same because of the kR
214Table E.9: Pressure calculation results at V = 30 knots by ISO
Location at LCG at 0.5 LWL > 0.6 LWL
V=
p
LWL 7.28
Boat type Semi planing or planing type
Design category factor, kDC 1 (Category A)
Dynamic load factor, nCG 6
Longitudinal pressure
distribution factor, kL
1
Structural component and
boat type factor, kR
1
Design area, AD for Open 60’ 0.27
Design area, AD for S/P 0.3136
Area pressure
distribution factor, kAR for Open 60’
0.600
Area pressure
distribution factor, kAR for S/P
0.574
Minimum motor craft
bottom pressure, PBMmin
21.32
Motor craft bottom
base pressure, PBMbase
97.03
Motor craft bottom
pressure, PBM for Open 60’
58.21
Motor craft bottom
pressure, PBM for S/P
55.69
*: Pressures for panel and stiffener in motor craft are same because of the kR
215E.2 Lloyd’s Register (LR)
E.2.1 Non-Displacement Mode Craft
Bottom Impact pressure by slamming for non-displacement mode where V=
p
L >
3 can be calculated by
PdIb =
fd    (1 + v)
LWL  Go
(kN=m2) (E.14)
where,
fd = Hull form pressure factor,
= 54 for mono-hull craft,
= 81=NH for catamarans and multi-hull craft.
 = Displacement in tonnes
 = 0.5 at LWL from aft end of LWL,
= 1.0 at 0.75LWL from aft end of LWL,
= 1.0 at 0.5LWL from aft end of LWL,
= 0.5 at aft end of LWL,
av = Vertical acceleration in g,
Go = Support girth or girth distance in m, deﬁned at Table E.10.
Table E.10: Deﬁnition of girth distance Go by LR
Bottom shell region of craft with chine without chine
Between tangential points or chines Gs
a Gs
a
Between tangential points and DWL - GWL
b
a : support girth (m), b : girth distance, measured between the WL on either side of a hull at the LCG (m)
Intermediate values to be determined by linear interpolation.
In addition, forebody or bow slamming pressure is also deﬁned as,
Pf = The greater of PdIb or ff  LWL(0:8 + 0:15   )2 at FP,
 PdIb at LWL from aft end of LWL,
216= PdIb at 0.75LWL from aft end of LWL,
= Pw at less than 0.5LWL from aft end of LWL,
= 0 between aft end of LWL and 0.75LWL from aft end of LWL,
where,
  = Taylor Quotient = V=
p
LWL,
ff = Forebody impact pressure factor shown as Table E.14.
Design pressure of bottom shell for non-displacement craft is,
 PBP = the greater of,
– HfSfPs or,
– HfSfCfPdIb or,
– HfSfGfCfPf.
 PBF = the greater of
– fHfSfPs or,
– fHfSfCfPdIb or,
– fHfSfGfCfPf.
where,
f, Hf, Sf, Gf, Cf are deﬁned at Table E.15 to Table E.19
217E.2.2 Displacement Mode Craft
Bottom Impact pressure by slamming for displacement mode can be calculated by
Pdh = dh 
 
19   2720 

Tx
LWL
2!

p
LWL  V (kN=m2) (E.15)
where,
dh = 0.09 at LWL from aft end of LWL,
= 0.18 at 0.9LWL from aft end of LWL,
= 0.18 at 0.8LWL from aft end of LWL,
= 0.0 between aft end of LWL and 0.5LWL from aft end of LWL.
In addition, forebody or bow slamming pressure is also deﬁned as,
Pf = ffLWL(0:8 + 0:15   )2 at FP
= Pdh at 0.9LWL from aft end of LWL,
= Pw at 0.75LWL from aft end of LWL,
= 0 between aft end of LWL and 0.75LWL from aft end of LWL.
Intermediate values of the pressure Pf to be determined by linear interpolation.
The hydrodynamic wave pressure distribution, Pw, around the shell envelope up
to the operating waterline, i.e. z  T is to be taken as the greater of Pm or Pp shown at
Eq.(E.16) and Eq.(E.17) where,
Pm = Distribution of hydrodynamic pressure up to the operating waterline due to
relative motion in kPa,
Pp = Distribution of hydrodynamic pressure up to the operating waterline due to
pitching motion in kPa.
Pm = 10  fz  Hrm (E.16)
Pp = 10  Hpm (E.17)
where,
218fz = Vertical distribution factor =
exp

 
2  Tx
LWL

+

1   exp

 
2  Tx
LWL



z   zk
Tx

(E.18)
Hrm =
CWmin 
(
1 +
kr
Cb + 0:2


xwI
LWL
  xm
2)
(E.19)
Hpm =
1:1 

2  xwI
LWL
  1


p
LWL (E.20)
Tx = Local draught to operating waterline at longitudinal position under considera-
tion measured above the baseline,
z = Vertical distance, in metres, from the baseline to the position of centre of gravity
of the item being considered,
zk = Vertical distance of the underside of the keel above the baseline in metres,
CWmin =
CW
km
,
CW = Wave head in metres = 0:0771  LWL  (Cb + 0:2)0:3  exp( 0:0044  LWL),
km = 1 +
kr(0:5   xm)2
Cb + 0:2
,
xm = 0.45 - 0.6 Fn,
kr = Hull form wave pressure factor shown as Table E.11
xwI = Longitudinal distance, in meters, measured forwards from the aft end of the
LWL to the position or centre of gravity of the item being considered.
Table E.11: Hull form wave pressure factor kr by LR
Craft type kr
Mono-hull craft in the non-displacement mode 2.25
Mono-hull craft in the displacement mode 1.95
Catamarans and multi-hull with partially submerged hulls 2.55
SWATH and multi-hull craft with fully submerged hulls 2.10
Craft supported by foils or other lifting devices 1.50
Pm and Pp for Open 60’ are calculated at Table E.12.
219Table E.12: Variable determination for Pw at 0.5 LWL of LR
Location x 0.5 LWL
z 0
zx 0
Tx 0.405
CW 1.048
kr 2.25
V 12.36, 15, 20, 25, 30
Fn 0.157, 0.191, 0.254, 0.318, 0.382
xm 0.356, 0.335, 0.297, 0.259, 0.221
km 1.076, 1.099, 1.150, 1.213, 1.286
CWmin 0.974, 0.953, 0.911, 0.864, 0.815
xwI 8.484
fz 0.861
Hrm 1.0482, 1.0484, 1.049, 1.0485, 1.0482
Hpm 0 (no pitch at 0.5 LWL)
Pm 9.025, 9.026, 9.031, 9.027, 9.025
Pp 0
220E.2.3 Acceleration
Vertical acceleration, av is deﬁned as,
 For non-displacement mode,
av = 1:5    L1  (H1 + 0:084)  (5   0:1  D)   2  10 3 (g) (E.21)
 For displacement mode,
av = 0:2    +
34
LWL
(g) (E.22)
where,
 = Running trim angle in degrees, but is not to be taken as less than 3,
D = Deadrise angle at LCG in degrees, but is not to be taken as greater than 30,
B = Mean deadrise angle of bottom plating, in degrees at local section, deﬁned at
Figure E.2,
L1 =
LWL  B3
C
BW  
but
LWL
BW
is not to be taken as less than 3,
H1 =
H1=3
BW
but is not to be taken as less than 0.2,
H1=3 = Design signiﬁcant wave height in metres, shown at Table E.13,
Bc = Breadth of hull between the chines or bilge tangential points at LCG, as appro-
priate, in metres.
Table E.13: Minimum signiﬁcant wave height H1=3 by LR
Service group Minimum signiﬁcant wave height, H1=3
1 0.6
2 1.0
3 2.0
4 4.0
5 4.0
6 4.0
221E.2.4 Factors
Unlike the other rules, LR does not take the structural arrangement of panel, stiff-
eners - span and spacing into pressure calculations, but deﬁnes the stiffening type
factor f which categorises primary stiffener and secondary stiffener in addition to
the plating. This is where the initial structural arrangement is not possible in LR SSC.
The factors adopted in LR SSC are shown below from Table E.14 to Table E.19.
Table E.14: Forebody impact pressure factor ff by LR
Craft type Factor
Mono-hull craft in non-displacement mode 0.94
Mono-hull craft in displacement mode 0.89
Catamarans and multi-hull craft with partially submerged hulls 1.0
Swaths and multi-hull craft with fully submerged hulls 0.91
Craft supported by foils or other lifting devices 0.81
Table E.15: Stiffening type factor f by LR
Stiffening type Factor
Primary stiffening members and transverse frames 0.5
Secondary and local stiffening members, transverse beams 0.8
Table E.16: Hull notation factor Hf by LR
Hull notation Factor
HSC 1.0
LDC 0.95
222Table E.17: Service type notation factor Sf by LR
Service type notation Factor
Cargo (A) 1.0
Cargo (B) 1.1
Passenger 1.0
Passenger (A) 1.0
Passenger (B) 1.1
Patrol 1.2
Pilot 1.25
Yacht (P) 1.1
Yacht 1.1
Workboat 1.25
Table E.18: Service area restriction notation factor Gf by LR
Service area restriction notation Factor
G1 0.6
G2 0.75
G3 0.85
G4 1.0
G5 1.2
G6 1.25
Table E.19: Craft type notation factor Cf by LR
Craft type notation Gf Factor
Catamaran 1.0
Hydrofoil 1.1
Mono 1.0
Multi 1.1
RIB 1.15
SES 1.0
SWATH 1.0
223E.2.5 Calculation results
Table E.20 to Table E.24 depict calculation results.
224Table E.20: Pressure calculation results at V = 12.36 knots by LR
Location LCG 0:5L 0:65L 0:75L 0:85L
Mode Non-displacement
  3.0
 2 9.0
Trim angle  4
Deadrise angle D 19
L1 42.72
H1=3 1:4a, 4b
H1 0:359a, 1:028b
ff 0.94
av 3:169a, 7:956b
 0.45 1 1 1 0.8
16.52a 36.71a 36.71a 36:71a 29:37a
PdIb 35.49b 78.86b 78.86b 78:86b 63:09b
ff  LWL(0:8 + 0:15   )2 24.92
Pw 9.025
7:22a 9:02a 25:64a 36.71a 31.99a
Pf 7:22b 8:02b 50:93b 78.86b 63.09b
Hf 1.0
f 0.5
Sf 1.1
Cf 1.0
Gf 1.25
18:2a 40:4a 40:4a 50:5a 44:0a
PBP (for bottom plating)
39:0b 86:7b 86:7b 108:4b 86:7b
9:1a 20:2a 20:2a 25:3a 22:0a
PBF (for bottom stiffener)
19:5b 43:4b 43:4b 54:2b 43:4b
a: Signiﬁcant wave of 1.4 m, b: Signiﬁcant wave height of 4 m
225Table E.21: Pressure calculation results at V = 15 knots by LR
Location LCG 0:5L 0:65L 0:75L 0:85L
Mode Non-displacement
  3.64
 2 13.26
Trim angle  4
Deadrise angle D 19
L1 42.72
H1=3 1:4a, 4b
H1 0:359a, 1:028b
ff 0.94
av 4:668a, 11:716b
 0.45 1 1 1 0.8
22.46a 49.91a 49.91a 49:91a 39:93a
PdIb 50.39b 111.98b 111.98b 111:98b 89:58b
ff  LWL(0:8 + 0:15   )2 28.90
Pw 9.026
7:22a 9:02a 33:56a 49.91a 41.51a
Pf 7:22b 9:02b 70:80b 111.98b 89.58b
Hf 1.0
f 0.5
Sf 1.1
Cf 1.0
Gf 1.25
24:7a 54:9a 54:9a 68:6a 57:0a
PBP (for bottom plating)
55:4b 123:2b 123:2b 154:0b 123:2b
12:4a 27:5a 27:5a 35:3a 28:5a
PBF (for bottom stiffener)
27:7b 61:6b 61:6b 77:0b 61:6b
a: Signiﬁcant wave of 1.4 m, b: Signiﬁcant wave height of 4 m
226Table E.22: Pressure calculation results at V = 20 knots by LR
Location LCG 0:5L 0:65L 0:75L 0:85L
Mode Non-displacement
  4.85
 2 23.57
Trim angle  4
Deadrise angle D 19
L1 42.72
H1=3 1:4a, 4b
H1 0:359a, 1:028b
ff 0.94
av 8:298a, 20:829b
 0.45 1 1 1 0.8
36.84a 81.88a 81.88a 81:88a 65:50a
PdIb 86.50b 192.23b 192.23b 192:23b 153:78b
ff  LWL(0:8 + 0:15   )2 37.25
Pw 9.031
7:22a 9:03a 52:85a 81.88a 65.50a
Pf 7:22b 9:03b 119:10b 192.23b 153.80b
Hf 1.0
f 0.5
Sf 1.1
Cf 1.0
Gf 1.25
42:7a 90:0a 90:0a 112:6a 90:0a
PBP (for bottom plating)
95:2b 211:4b 211:4b 264:3b 211:4b
21:4a 45:0a 45:0a 56:3a 45:0a
PBF (for bottom stiffener)
47:6b 105:7b 105:7b 132:2b 155:7b
a: Signiﬁcant wave of 1.4 m, b: Signiﬁcant wave height of 4 m
227Table E.23: Pressure calculation results at V = 25 knots by LR
Location LCG 0:5L 0:65L 0:75L 0:85L
Mode Non-displacement
  6.06
 2 36.83
Trim angle  4
Deadrise angle D 19
L1 42.72
H1=3 1:4a, 4b
H1 0:359a, 1:028b
ff 0.94
av 12:965a, 32:546b
 0.45 1 1 1 0.8
55.34a 112.98a 112.98a 112:98a 98:38a
PdIb 132.93b 295.41b 295.41b 295:41b 236:33b
ff  LWL(0:8 + 0:15   )2 28.90
Pw 9.027
7:22a 9:03a 71:40a 112.98a 90.38a
Pf (Figure E.5)
7:22b 9:03b 180:90b 295.41b 236.30b
Hf 1.0
f 0.5
Sf 1.1
Cf 1.0
Gf 1.25
80:9a 124:3a 124:3a 155:3a 124:3a
PBP (for bottom plating)
146:2b 324:9b 324:9b 406:2b 324:9b
40:5a 62:2a 62:2a 77:7a 62:2a
PBF (for bottom stiffener)
73:1b 162:5b 162:5b 203:1b 162:5b
a: Signiﬁcant wave of 1.4 m, b: Signiﬁcant wave height of 4 m
228Table E.24: Pressure calculation results at V = 30 knots by LR
Location LCG 0:5L 0:65L 0:75L 0:85L
Mode Non-displacement
  7.28
 2 53.04
Trim angle  4
Deadrise angle D 19
L1 42.72
H1=3 1:4a, 4b
H1 0:359a, 1:028b
ff 0.94
av 18:67a, 46:866b
 0.45 1 1 1 0.8
77.94a 173.22a 173.22a 173:22a 138:57a
PdIb 189.68b 421.52b 421.52b 421:52b 337:22b
ff  LWL(0:8 + 0:15   )2 57.12
Pw 9.025
7:22a 9:02a 107:50a 173.22a 138.60a
Pf 7:22b 9:02b 256:50b 421.52b 337.20b
Hf 1.0
f 0.5
Sf 1.1
Cf 1.0
Gf 1.25
86:7a 190:5a 190:5a 238:2a 190:5a
PBP (for bottom plating)
206:6b 463:7b 463:7b 579:6b 463:7b
43:4a 95:3a 95:3a 119:1a 95:3a
PBF (for bottom stiffener)
103:3b 231:9b 231:9b 289:8b 231:9b
a: Signiﬁcant wave of 1.4 m, b: Signiﬁcant wave height of 4 m
229E.3 Bureau Veritas (BV)
E.3.1 High Speed Motor Yacht
For high speed motor yacht of V  7:16  1=6, the slamming pressure is not less
than,
Psl = 70 


Sr

 k1  k2  k3  aCG (kN=m2) (E.23)
where,
 = Displacement in tonnes,
Sr = Reference area = 0:7 

T
in m2,
k1 = Longitudinal bottom slamming pressure distribution factor as shown at Table
E.25,
Table E.25: Longitudinal bottom slamming pressure distribution factor k1 by BV
x
L
k1
x
L
< 0:5 0:5 +
x
L
0:5 
x
L
 0:8 1.0
x
L
> 0:8 3:0   2:5 
x
L
k2 = Factor accounting for slamming area as Eq.(E.24),
k2 = 0:455   0:35

u0:75   1:7
u0:75 + 1:7

(E.24)
where,
k2  0:50 for plating,
 0:45 for ordinary stiffeners,
 0:35 for primary stiffeners,
u = 100 
s
Sr
,
s = Area supported by the element (plating or stiffener) in m2,
230k3 = Factor accounting for shape and deadrise of the hull,
k3 =
50   d
50   dCG
 1 (E.25)
d, dCG = Deadrise angle between 10 and 30, deﬁned at Figure E.6,
aCG = Design vertical acceleration at LCG.
aCG = FOCSOC
V
p
LWL
(g) (E.26)
The limit of aCG, FOC and SOC are shown at the Table E.26 to Table E.28
Table E.26: Limit value of aCG for motor yacht by BV
Type of design aCG (g)
Cruise motor yacht 1.0
Sport motor yacht 1.5
Offshore racing motor yacht 2
Motor yacht with speciﬁc equipments 2.5
Table E.27: FOC for motor yacht by BV
Type of design FOC
Cruise motor yacht 0.666
Sport motor yacht 1.0
Offshore racing motor yacht 1.333
Motor yacht with speciﬁc equipments 1.666
Table E.28: SOC for motor yacht by BV
Sea conditions SOC
Open sea (Category A) 0:2 + 0:6=

V
p
LWL

 0:32
Restricted open sea (Category B) 0.3
moderate environment (Category C) 0.23
smooth sea (Category D) 0.14
231E.3.2 Sailing Yachts of Monohull Type
For the sailing yachts of monohull type, the slamming pressure is not less than,
Psl = 70 


Sr

 k2  k3  aV (kN=m2) (E.27)
where,
k2, k3 = Same as ones in motor yachts,
d = Less than 50, which is deﬁned in Figure E.6,
aV = Total vertical acceleration = ah + ap in g,
ah = Heave acceleration in g,
ap = Pitch acceleration in g.
Longitudinal location of calculation points can be taken as indicated in Figure E.7.
The value of the total vertical acceleration aV is to be calculated at each calculation
point Pi.
The heave design vertical acceleration may be calculated as follows,
ah = 2:7  FOC  SOC (E.28)
FOC and SOC are deﬁned at the Table E.29 and Table E.30.
Table E.29: FOC for sailing yacht by BV
Type of design FOC
Cruise sailing yacht 0.666
Sport sailing yacht 1.0
Race sailing yacht 1.333
Table E.30: SOC for sailing yacht by BV
Sea conditions SOC
Open sea (Category A) 0.3
Restricted open sea (Category B) 0.27
Moderate environment (Category C) 0.23
Smooth sea (Category D) 0.20
232On the other hand, the pitch design vertical acceleration may be calculated as fol-
lows,
ap = aPFP

x   xk
LWL   xk

(E.29)
where,
xk = Co-ordinate x of the CG of the keel measured from aft perpendicular,
x = Co-ordinate x of the calculation point measured from aft perpendicular,
aPFP = Pitch vertical acceleration at fore perpendicular,
= 3  aH for race sailing yacht (this value is given for information only, racing
yachts being not covered by these Rules),
= 2:1  aH for bulb keel sailing yacht,
= 1:5  aH for sailing yacht with bar keel,
= aH for lifting keel yachts.
233E.3.3 Calculation results
Table E.31 to Table E.36 depict calculation results.
234Table E.31: Pressure calculation results at V = 12.36 knots by BV motor yacht
Location LCG 0.5LWL 0.65LWL 0.75LWL 0.85LLWL
Sr 19.51
k1 0.95 1.0 1.0 1.0 0.875
s 0.27a, 0.3136b
u 1.384a, 1.607b
k2 0.505a, 0.486b
FOC 1.666
SOC 0.32
Velocity (knots) 12.36
V=
p
LWL 3
acg (g) 1.6
Deadrise (degree) 7 7.5 10 16 27
k3 1 0.988 0.930 0.790 0.535
31.08a 32.33a 30.43a 25.85a 15.31a
Psl (kPa)
29.91b 31.11b 29.28b 24.87b 14.75b
a: for Open 60’ structure, b: for S/P scantling
Table E.32: Pressure calculation results at V = 15 knots by BV motor yacht
Location LCG 0.5LWL 0.65LWL 0.75LWL 0.85LLWL
Sr 19.51
k1 0.95 1.0 1.0 1.0 0.875
s 0.27a, 0.3136b
u 1.384a, 1.607b
k2 0.505a, 0.486b
FOC 1.666
SOC 0.32
Velocity (knots) 15
V=
p
LWL 3.64
acg (g) 1.94
Deadrise (degree) 7 7.5 10 16 27
k3 1 0.988 0.930 0.790 0.535
37:73a 39:23a 36:93a 31:37a 18:59a
Psl (kPa)
36:31b 37:76b 35:54b 30:19b 17:89b
a: for Open 60’ structure, b: for S/P scantling
235Table E.33: Pressure calculation results at V = 20 knots by BV motor yacht
Location LCG 0.5LWL 0.65LWL 0.75LWL 0.85LLWL
Sr 19.51
k1 0.95 1.0 1.0 1.0 0.875
s 0.27a, 0.3136b
u 1.384a, 1.607b
k2 0.505a, 0.486b
FOC 1.666
SOC 0.32
Velocity (knots) 20
V=
p
LWL 4.85
acg (g) 2.59
Deadrise (degree) 7 7.5 10 16 27
k3 1 0.988 0.930 0.790 0.535
50:30a 52:31a 49:24a 41:83a 24:78a
Psl (kPa)
48:40b 50:34b 47:39b 40:25b 23:85b
a: for Open 60’ structure, b: for S/P scantling
Table E.34: Pressure calculation results at V = 25 knots by BV motor yacht
Location LCG 0.5LWL 0.65LWL 0.75LWL 0.85LLWL
Sr 19.51
k1 0.95 1.0 1.0 1.0 0.875
s 0.27a, 0.3136b
u 1.384a, 1.607b
k2 0.505a, 0.486b
FOC 1.666
SOC 0.32
Velocity (knots) 25
V=
p
LWL 6.07
acg (g) 3.23
Deadrise (degree) 7 7.5 10 16 27
k3 1 0.988 0.930 0.790 0.535
62:88a 65:39a 61:55a 52:28a 30:98a
Psl (kPa)
60:51b 62:93b 59:23b 50:32b 29:81b
a: for Open 60’ structure, b: for S/P scantling
236Table E.35: Pressure calculation results at V = 30 knots by BV motor yacht
Location LCG 0.5LWL 0.65LWL 0.75LWL 0.85LLWL
Sr 19.51
k1 0.95 1.0 1.0 1.0 0.875
s 0.27a, 0.3136b
u 1.384a, 1.607b
k2 0.505a, 0.486b
FOC 1.666
SOC 0.32
Velocity (knots) 30
V=
p
LWL 7.28
acg (g) 3.88
Deadrise (degree) 7 7.5 10 16 27
k3 1 0.988 0.930 0.790 0.535
75:45a 78:47a 73:86a 62:74a 37:18a
Psl (kPa)
72:61b 75:51b 71:08b 60:38b 35:78b
a: for Open 60’ structure, b: for S/P scantling
Table E.36: Pressure calculation results by BV sailing yacht
Location LCG L0:5L L0:65L L0:75L L0:85L
Sr 19.51
k2 0.504a 0.486b
FOC 1.333
SOC 0.3
av g 1.078 1.374 2.257 2.846 3.435
k3 1 0.988 0.930 0.790 0.535
22:04a 27:71a 42:86a 45:91a 37:52a
Psl Category A (kPa)
21:25b 26:72b 41:33b 44:27b 36:18b
16:93a 21:29a 32:92a 35:26a 28:82a
Psl Category C (kPa)
16:29b 20:49b 31:68b 33:94b 27:74b
a: for Open 60’ structure, b: for S/P scantling
237E.4 Det Norske Veritas (DNV)
E.4.1 Design Pressure
The design pressure is the maximum pressure of either,
 Slamming pressure on bottom,
 Pitching slamming pressure on bottom,
 Forebody side and bow impact pressure,
 or Sea pressure.
Slamming pressure on bottom
The design slamming pressure on the bottom of craft with speed V=
p
L > 3 shall
be taken as,
Psl = 1:3  kl 


n  A

 T0:7
o 

50   x
50   CG

 aCG (kN=m2) (E.30)
where,
kl = Longitudinal distribution factor,
= 1.0 forward of L=2,
= 0.5 to 1.0 aft of L=2,
 = Displacement in tonnes,
A = Design load area for element considered = spacing  span in m2,
n = Number of hulls,
To = Draught in m,
CG = Deadrise angle at LCG (minimum 10, maximum 30) deﬁned at Figure E.9,
aCG = Design vertical acceleration at LCG.
238Pitching slamming pressure on bottom
In addition, all craft shall be designed for a pitching slamming pressure on bottom
as given below,
Pslp =
21
tanx
 ka  kb  CW 

1  
20  TL
L

(kN=m2) (E.31)
where,
ka = 1 for plating,
= 1:1   20 
lA
L
for stiffeners and girders (maximum 1.0, minimum 0.35),
lA = Longitudinal extent in m of load area,
kb = 1 for plating and longitudinal stiffeners and girders,
=
L
40l + 0:5
for transverse stiffeners and girders (maximum 1),
l = Span in m of stiffener or girder,
CW = Wave coefﬁcient for unrestricted service,
= 0:08  L for L < 100m,
= 6 + 0:02  L for L > 100m,
TL = Lowest service speed draft in m.
Forebody side and bow impact pressure
Forebody side and bow impact pressure shall be taken as,
Pslf =
0:7  L  CL  CH
A0:3  [0:6 + 0:4 
V
p
L
sin  cos(90o   )
+
2:1  a0
CB

r
0:4 
V
L
+ 0:6  sin(90o   )  (x=L   0:4)]2 (kN=m2)
(E.32)
where,
A = Design load area for element considered in m2,
e = Vertical extent of load area, measured along shell perpendicular to the waterline,
x = Distance in m from AP to position considered,
CL = Correction factor for length of craft,
239CH = Correction factor for height above waterline to load point,
 = Flare angle taken as the angle between the side plating and a horizontal line,
measured at the point considered,
 = Angle between the waterline and a longitudinal line measured at the point con-
sidered,
a0 = Acceleration parameter = 3  CW=L + CV  V=L,
CV =
p
L=50, maximum 0.2.
Sea pressure
Pressure acting on the craft’s bottom, side (including superstructure side) and
weather decks shall be taken as, For load point below design waterline,
p = 10  h0 +

ks   1:5 
h0
T

 CW (kN=m2) (E.33)
For load point above design waterline,
p = a  ks  (CW   0:67  h0) (kN=m2) (E.34)
where,
h0 = Vertical distance in m from the waterline at draught T to the load point,
ks = 7.5 aft of amidships and 5=CB forward of FP,
a = 1.0 for craft’s sides and open freeboard deck, and 0.8 for weather decks above
freeboard deck,
CW = Wave coefﬁcient.
240E.4.2 Acceleration
The design vertical acceleration is normally not to be less than,
acg =
V
L0:5 
3:2
L0:76  fg  g0 (m=s2) (E.35)
where,
V=
p
L need not be taken greater than 3.0.
Acceleration factor fg is dependent of type and service notation and service area
restriction notation shown at Table E.38 and Table E.40.
Unless otherwise established, the design acceleration at different positions along
the craft’s length shall not be less than,
av = kv  acg (E.36)
where,
kv = Longitudinal distribution factor taken from graph.
The interpolated values from the graph are depicted in Table E.37.
Table E.37: Longitudinal distribution factor for vertical design acceleration by DNV
Location LCG 0.5LWL 0.65LWL 0.75LWL 0.85LWL
kv 1 1 1.3 1.5 1.7
The allowable speed corresponding to the design vertical acceleration may be es-
timated from the formulas for the relationship between instantaneous values of acg, V
and Hs, given below, when V=
p
L > 3,
acg =
kh  g0
1650

HS
BWL=2
+ 0:084

 (50   cg) 

V=
p
L
2

L  B2
WL=2

(m=s2) (E.37)
where,
Hs = Signiﬁcant wave height in m,
BWL=2 = Water line breath at L=2 in m,
kh = Hull type factor given in Table E.39,
g0 = Gravitation constant.
The acceleration calculation results by Eq.(E.33) are shown below Table E.41.
241E.4.3 Factors
Acceleration, service notation and hull type factors are presented at below Table
E.38 to Table E.40.
Table E.38: Acceleration factor fg by DNV
Service area restriction notation
Type and service notation
R0 R1 R2 R3 R4 R5 - R6
Passenger  1 1 1 1 0.5
Car ferry  1 1 1 1 0.5
Cargo 4 3 2 1 1 0.5
Patrol 7 5 3 1 1 0.5
Yacht 1 1 1 1 1 0.5
* : Service area notation R0 is not available for class notations Passenger and Car ferry
Table E.39: Service notation by DNV HSLC
Condition Notation Sea-state Beaufort Signiﬁcant wave height (m)
Ocean RO, R1 over 6 > 6
Offshore R2 up to 6 up to 6
Coastal R3 up to 5 up to 4
Inshore R4 up to 4 up to 2.5
Inshore R5 up to 3 up to 1.25
Table E.40: Hull type factor kh by DNV
Hull type kh
Monohull, Catamaran 1.0
Wave piercer 0.9
SES, ACV 0.8
Foil assisted hull 0.7
SWATH 0.7
242E.4.4 Calculation results
Table E.41 to Table E.43 depict calculation results.
Table E.41: Pressure calculation results at V  12:36 knots by DNV R0 Yacht
Location LCG 0.5LWL 0.65LWL 0.75LWL 0.85LLWL
Acceleration factor, fg 1
Acceleration acg (m=s2) 10.95
Design area A for Open 60’ 0.225a, 0.27b
Design area A for S/P 0.3136c
kl 0.9 1.0 1.0 1.0 1.0
x 1.5 4.5 6.5 10 19
24:47a 22:96a 21:95a 20:18a 15:64a
Psl for Open 60’
23:17b 21:73b 20:78b 19:11b 14:81b
Psl for S/P 22:15c 20:78c 19:87c 18:27c 14:16c
ka for Open 60’ 1a
ka for S/P 1a
kb for Open 60’ 1a
kb for S/P 1a
CW 1.357
TL 0.4
Pslp 575:35a 191:43a 132:23a 85:44a 43:75a
P
slp 230:14a 76:57a 52:89a 34:17a 17:50a
CL 0.264
h0 - 0.3
CH 1.11
a0 0.4898
,  15o, 0o
pslf 3:20a 4:75a 11:23a 17:08a 24:14a
a = Plating, b = Stiffener and girder, c = Plating, stiffener and girder, * = R5 notation
243Table E.42: Pressure calculation results at V  12:36 knots by DNV R0 Cargo
Location LCG 0.5LWL 0.65LWL 0.75LWL 0.85LLWL
Acceleration factor, fg 1
Acceleration acg (m=s2) 43.80
Design area A for Open 60’ 0.225a, 0.27b
Design area A for S/P 0.3136c
kl 0.9 1.0 1.0 1.0 1.0
x 1.5 4.5 6.5 10 19
97:90a 91:84a 87:81a 80:74a 62:57a
Psl for Open 60’
92:69b 86:95b 83:13b 76:44b 59:24b
Psl for S/P 88:62c 83:13c 79:48c 73:08c 56:64c
ka for Open 60’ 1a
ka for S/P 1a
kb for Open 60’ 1a
kb for S/P 1a
CW 1.357
TL 0.4
Pslp 575:35a 191:43a 132:23a 85:44a 43:75a
CL 0.264
h0 - 0.3
CH 1.11
a0 0.4898
,  15o, 0o
pslf 3:20a 4:75a 11:23a 17:08a 24:14a
a = Plating, b = Stiffener and girder, c = Plating, stiffener and girder
244Table E.43: Pressure calculation results at V  12:36 knots by DNV R0 Patrol
Location LCG 0.5LWL 0.65LWL 0.75LWL 0.85LLWL
Acceleration factor, fg 1
Acceleration acg (m=s2) 76.65
Design area A for Open 60’ 0.225a, 0.27b
Design area A for S/P 0.3136c
kl 0.9 1.0 1.0 1.0 1.0
x 1.5 4.5 6.5 10 19
171:33a 160:73a 153:66a 141:30a 109:51a
Psl for Open 60’
162:21b 152:17b 145:48b 133:78b 103:68b
Psl for S/P 155:08c 145:49c 139:09c 127:90c 99:12c
ka for Open 60’ 1a
ka for S/P 1a
kb for Open 60’ 1a
kb for S/P 1a
CW 1.357
TL 0.4
Pslp 575:35a 191:43a 132:23a 85:44a 43:75a
CL 0.264
h0 - 0.3
CH 1.11
a0 0.4898
,  15o, 0o
pslf 3:20a 4:75a 11:23a 17:08a 24:14a
a = Plating, b = Stiffener and girder, c = Plating, stiffener and girder
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E.5.1 Design Pressure
The design slamming pressure on the bottom of semi-planing and planing craft is,
Pbcg =
N1  
LW  BW
 (1 + ncg)  FD (kN=m2) (E.38)
Pbxx =
N1  
LW  BW
 (1 + nxx) 

70   xx
70   cg

 FD (kN=m2) (E.39)
for craft less that 61m,
Pbxx =
N1  
LW  BW
 (1 + ncg)  FD  Fv (kN=m2) (E.40)
where,
N1 = Empirical constant = 0.1,
 = Displacement in kg,
FD = Design area factor given in the Fig. 3/8.1 at [3] for given values of AD and AR,
generally not to be taken less than 4.0,
AD = Design area in cm2,
= for plating, it is the actual area of the shell plate panel but not to be taken as
more than 2s2,
= for longitudinal, stiffeners, transverses and girders, it is the shell area sup-
ported by the longitudinal stiffener, transverse or girder,
= for transverses and girders, the area used need not be taken less than 0:33l2,
AR = Reference area = 6:95 

d
in cm2,
d = Draft in m,
s = Spacing of longitudinals or stiffeners in cm,
l = Length of unsupported span of internals in cm,
Fv = Vertical acceleration distribution factor,
ncg = Design vertical acceleration in g,
246nxx = The vertical accelerations at any section clear LCG = ncg  kv in g,
xx = Deadrise angle at any section clear of LCG, generally not to be taken less than
10 nor more than 50.
E.5.2 Acceleration
The acceleration , ncg is given as,
ncg = N2 

12  h1=3
BW
+ 1:0

   (50   cg) 
V 2  B2
W

(g) (E.41)
where,
N2 = Empirical constant = 0.0078,
 = Running trim angle at V in degrees,
cg = Deadrise angle at LCG, generally not to be taken less than 10 nor more than
30
However,the deﬁnition of deadrise angle in ABS is unclear, it follows the deﬁnition
of ISO and LR deﬁned at Figure E.2.
247E.5.3 Factors
The slamming pressure is a function of the hull form (, L, B, xx), the vertical
acceleration (nxx) and the size of the area under pressure (FD). Design area factor , FD
is given Fig. 3/8.1 of [3] graphically. In the case of this study,
AD
AR
is 0.0093 for plating
and 0.0138 for stiffener whereas FD are 0.91 and 0.84.
Vertical acceleration distribution factor, kv is also graphically given in the Fig.
3/8.2 at [3], where linear interpolation is needed. In this case, the factor is interpo-
lated as Table E.44.
Table E.44: Vertical acceleration factor kv by ABS HSC
Plating location Factor kv
0.85 LWL 1.70
0.75 LWL 1.50
0.65 LWL 1.30
0.50 LWL 1.00
LCG 0.9
Vertical acceleration distribution factor Fv given as Fig. 3/8.3 of [3] is interpolated
as Table E.45.
Table E.45: Vertical acceleration factor Fv by ABS HSC
Plating location Factor Fv
0.85 LWL 1.0
0.75 LWL 1.0
0.65 LWL 1.0
0.50 LWL 0.925
LCG 0.86
248E.5.4 Calculation results
Table E.46 to Table E.50 depict calculation results.
Table E.46: Pressure calculation results at V= 12.36 knots by ABS HSC
Location LCG 0:5LWL 0:65LWL 0:75LWL 0:85LWL
Reference area (AR) (cm2) 193741
AD (cm2) 1800a, 2673b, 3136
AD=AR 0.0093a, 0.0138b, 0.0161
Design area factor FD 0.91a, 0.84b, 0.49
H1=3 1.4c, 4d
Acceleration ncg (g) 1.053c, 2.642d
Vertical acceleration factor kv 0.9 1.0 1.3 1.5 1.7
Vertical acceleration factor Fv 0.86 0.925 1.0 1.0 1.0
0.94 c 1.05 c 1.36 c 1.57 c 1.79 c
Acceleration nxx (g)
2.37 d 2.64 d 3.43 d 3.96 d 4.49 d
Deadrise angle xx 19 20 23 27 32
Design pressurePbxx 30.3c 31.3c 33.3c 33.8c 32.3c
for plating by Eq.(E.39)a 52.5d 55.5d 63.6d 65.1d 63.6d
Design pressurePbxx 27.9c 28.9c 31.3c 31.2c 29.8c
for stiffener Eq.(E.39)b 48.5d 51.3d 58.7d 60.1d 58.7d
Design pressurePbxx 27.4c 29.5c 31.9c 31.9c 31.9c
for plating by Eq.(E.40)a 48.7d 52.4d 56.6d 56.6d 56.6d
Design pressurePbxx 25.3c 27.2c 29.4c 29.4c 29.4c
for stiffener Eq.(E.40)b 45.0d 48.4d 52.3d 52.3d 52.3d
Design pressurePbxx 16.3c 16.8c 17.9c 18.2c 17.4c
for S/P by Eq.(E.39) 28.2d 29.9d 34.2d 35.0d 34.2d
Design pressurePbxx 14.7c 15.8c 17.1c 17.1c 17.1c
for S/P Eq.(E.40) 26.1d 28.2d 30.4d 30.4d 30.4d
a = Plating, b = Stiffener and girder, c = Signiﬁcant wave height of 1.4m, d = Signiﬁcant wave height of 4m, *: S/P
249Table E.47: Pressure calculation results at V= 15 knots by ABS HSC
Location LCG 0:5LWL 0:65LWL 0:75LWL 0:85LWL
Reference area (AR) (cm2) 193741
AD (cm2) 1800a, 2673b, 3136
AD=AR 0.0093a, 0.0138b, 0.0161
Design area factor FD 0.91a, 0.84b, 0.49
H1=3 1.4c, 4d
Acceleration ncg (g) 1.551c, 3.891d
Vertical acceleration factor kv 0.9 1.0 1.3 1.5 1.7
Vertical acceleration factor Fv 0.86 0.925 1.0 1.0 1.0
1.39c 1.55c 2.01c 2.32c 2.63c
Acceleration nxx (g)
3.50d 3.89d 5.05d 5.83d 6.61d
Deadrise angle xx 19 20 23 27 32
Design pressurePbxx 37.2c 38.9c 43.2c 43.6c 42.1c
for plating by Eq.(E.39)a 70.0d 74.6d 86.8d 89.7d 88.3d
Design pressurePbxx 34.4c 35.9c 39.9c 40.2c 38.9c
for stiffener Eq.(E.39)b 64.6d 68.8d 80.2d 82.8d 81.5d
Design pressurePbxx 34.1c 36.7c 39.7c 39.7c 39.7c
for plating by Eq.(E.40)a 65.4d 70.4d 76.1d 76.1d 76.1d
Design pressurePbxx 31.5c 33.9c 36.6c 36.6c 36.6c
for stiffener Eq.(E.40)b 60.4d 65.0d 70.2d 70.2d 70.2d
Design pressurePbxx 20.0c 20.9c 23.2c 23.4c 22.6c
for S/P by Eq.(E.39) 37.6d 40.1d 46.7d 48.3d 47.5d
Design pressurePbxx 13.8c 19.7c 21.3c 21.3c 21.3c
for S/P Eq.(E.40) 35.2d 37.9d 40.9d 40.9d 40.9d
a = Plating, b = Stiffener and girder, c = Signiﬁcant wave height of 1.4m, d = Signiﬁcant wave height of 4m, *: S/P
250Table E.48: Pressure calculation results at V= 20 knots by ABS HSC
Location LCG 0:5LWL 0:65LWL 0:75LWL 0:85LWL
Reference area (AR) (cm2) 193741
AD (cm2) 1800a, 2673b, 3136
AD=AR 0.0093a, 0.0138b, 0.0161
Design area factor FD 0.91a, 0.84b, 0.49
H1=3 1.4c, 4d
Acceleration ncg (g) 2.758c, 6.917d
Vertical acceleration factor kv 0.9 1.0 1.3 1.5 1.7
Vertical acceleration factor Fv 0.86 0.925 1.0 1.0 1.0
2.48c 2.75c 3.58c 4.13c 4.68c
Acceleration nxx (g)
6.22d 6.91d 8.99d 10.37d 11.75d
Deadrise angle xx 19 20 23 27 32
Design pressurePbxx 54.1c 57.3c 65.7c 67.4c 65.9 c
for plating by Eq.(E.39)a 112.4d 120.8d 143.3d 149.2d 147.9d
Design pressurePbxx 50.2c 52.9c 60.7c 62.2c 60.8c
for stiffener Eq.(E.39)b 103.8d 111.5d 132.3d 137.7d 136.5d
Design pressurePbxx 50.3c 54.1c 58.4c 58.4c 58.4c
for plating by Eq.(E.40)a 105.9d 113.9d 123.2d 123.2d 123.2d
Design pressurePbxx 46.4c 49.9c 53.9c 53.9c 53.9c
for stiffener Eq.(E.40)b 97.8d 105.2d 113.7d 113.7d 113.7d
Design pressurePbxx 29.3c 30.8c 35.4c 36.3c 35.5c
for S/P by Eq.(E.39) 60.5d 65.0d 77.1d 80.3d 79.6d
Design pressurePbxx 27.0c 29.1 c 30.3 c 30.3c 30.3c
for S/P Eq.(E.40) 57.0d 61.3d 66.3 d 66.3 d 66.3d
a = Plating, b = Stiffener and girder, c = Signiﬁcant wave height of 1.4m, d = Signiﬁcant wave height of 4m, *: S/P
251Table E.49: Pressure calculation results at V= 25 knots by ABS HSC
Location LCG 0:5LWL 0:65LWL 0:75LWL 0:85LWL
Reference area (AR) (cm2) 193741
AD (cm2) 1800a, 2673b, 3136
AD=AR 0.0093a, 0.0138b, 0.0161
Design area factor FD 0.91a, 0.84b, 0.49
H1=3 1.4c, 4d
Acceleration ncg (g) 4.309c, 10.808d
Vertical acceleration factor kv 0.9 1.0 1.3 1.5 1.7
Vertical acceleration factor Fv 0.86 0.925 1.0 1.0 1.0
3.87c 4.30c 5.60c 6.46c 7.32c
Acceleration nxx (g)
9.72d 10.80d 14.05d 16.21d 18.37d
Deadrise angle xx 19 20 23 27 32
Design pressurePbxx 75.9c 81.0c 94.6c 97.9c 96.5c
for plating by Eq.(E.39)a 116.9d 180.1d 215.8d 225.8d 224.6d
Design pressurePbxx 70.0c 74.7c 87.4c 90.4c 89.1c
for stiffener Eq.(E.39)b 154.1d 166.3d 199.2d 208.5d 207.3d
Design pressurePbxx 71.0c 76.4c 82.6c 82.6c 82.6 c
for plating by Eq.(E.40)a 158.0d 170.0d 183.7d 183.7d 183.7d
Design pressurePbxx 65.6c 70.5c 76.2c 76.2c 76.2c
for stiffener Eq.(E.40)b 145.9d 156.9d 169.6d 169.6d 169.6d
Design pressurePbxx 40.8c 43.6c 50.9c 52.7c 51.9c
for S/P by Eq.(E.39) 62.9d 96.9d 116.2d 121.5d 120.9d
Design pressurePbxx 38.2c 41.1c 44.4c 44.4c 44.4c
for S/P Eq.(E.39) 85.6d 91.5d 98.9d 98.9d 98.9d
a = Plating, b = Stiffener and girder, c = Signiﬁcant wave height of 1.4m, d = Signiﬁcant wave height of 4m, *: S/P
252Table E.50: Pressure calculation results at V= 30 knots by ABS HSC
Location LCG 0:5LWL 0:65LWL 0:75LWL 0:85LWL
Reference area (AR) (cm2) 193741
AD (cm2) 1800a, 2673b, 3136
AD=AR 0.0093a, 0.0138b, 0.0161
Design area factor FD 0.91a, 0.84b, 0.49
H1=3 1.4c, 4d
Acceleration ncg (g) 6.205c, 15.56d
Vertical acceleration factor kv 0.9 1.0 1.3 1.5 1.7
Vertical acceleration factor Fv 0.86 0.925 1.0 1.0 1.0
5.58c 6.20c 8.06c 9.30c 10.54c
Acceleration nxx (g)
14.00d 15.56d 20.22d 23.34d 26.45d
Deadrise angle xx 19 20 23 27 32
Design pressurePbxx 102.4c 109.9c 130.0c 135.2c 133.9 c
for plating by Eq.(E.39)a 233.5d 252.7d 304.5d 319.4d 318.3d
Design pressurePbxx 94.5c 101.4c 120.0c 124.8c 12368c
for stiffener Eq.(E.39)b 215.5d 233.2d 281.0d 294.8d 293.8d
Design pressurePbxx 96.4c 103.7c 112.1c 112.1c 112.1c
for plating by Eq.(E.40)a 221.6d 238.4d 257.7d 257.7d 257.7d
Design pressurePbxx 89.0c 95.7c 103.5c 103.5c 103.5c
for stiffener Eq.(E.40)b 204.6d 220.0d 237.9d 237.9 d 237.9d
Design pressurePbxx 55.1c 59.1c 70.0c 72.8c 72.1c
for S/P by Eq.(E.39) 125.7d 136.0d 163.9d 171.9d 171.3d
Design pressurePbxx 51.9c 55.8c 60.3c 60.3c 60.3c
for S/P Eq.(E.40) 119.3d 128.3d 138.7d 138.7d 138.7d
a = Plating, b = Stiffener and girder, c = Signiﬁcant wave height of 1.4m, d = Signiﬁcant wave height of 4m, * = for S/P
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E.6.1 Design Pressures
Shell below (d+0:15)m, where (d+0:15)m is measured vertically from the under-
side of canoe hull at its lowest point,
P = 0:01  F  h (E.42)
where,
F = Design head reduction factor given in Table E.51,
h = Design head give in Table E.52,
F  h is not in general to be taken less than 0.5D for the bottom shell,
D = Depth in m.
Table E.51: Coefﬁcient F for shell plating by ABS ORY
CF
 F
1.0 and greater 0.25
0.9 and greater 0.28
0.8 and greater 0.32
0.7 and greater 0.36
0.6 and greater 0.42
0.5 and greater 0.49
0.4 and greater 0.57
0.3 and greater 0.67
0.2 and greater 0.77
0.1 and greater 0.88
0.05 and greater 0.94
0 and negative value 1.00
* : (s   254)=(54:2L + 559)
** : Spacing in mm of the stiffener or frame, not to be taken as greater than 1280mm
*** : Scantling length =
LOA + LWL
2
(m)
Shell design heads between the locations given are to be obtained by interpolation.
254Table E.52: Design heads h for plating by ABS ORY
Plating location Design head
At forward end of LOA 0:80ha
At 0.05 LWL aft of fore end of LWL 1:20ha
At 0.35 LWL aft of fore end of LWL 1:20ha
At aft end of LOA 0:70ha
a : Basic head, h = 3:0d + 0:14L + 1:62m
E.6.2 Calculation results
Table E.53 depicts calculation result.
Table E.53: Pressure calculation result of ABS ORY
Location LCG 0:5LWL 0:65LWL 0:75LWL 0:85LWL
Basic head (m) 5.30
Design head reduction factor F 0.97a, 0.77b
Design head factor 1.2h 1.2h 1.08h 1.0h 0.92h
Design head (m) 6.36 6.36 5.72 5.30 4.87
Corrected design head F  h for
Open 60’
6.16 6.16 5.54 5.14 4.72
Corrected design head F  h for
S/P
4.89 4.89 4.40 4.08 3.75
Pressure gF h for Open 60’ 61.94 61.94 55.70 51.68 47.46
Pressure   g  F  h for S/P 49.17 49.17 44.24 41.02 37.70
a = Open 60’ plating , b = S/P
255Figure E.1: Body plan of Open60’ designed by Le Groupe Finot-Conq
Figure E.2: Deﬁnition of deadrise angle by ISO and LR
256(a) b vs. l
(b) b vs. kR
Figure E.3: Relationship of panel conﬁguration and kAR for sailing craft in ISO
257Figure E.4: Relationship of displacement and bottom pressure for sailing craft in ISO
258(a) V = 12.36 knots (b) V = 15 knots
(c) V = 20 knots (d) V = 25 knots
(e) V = 30 knots
Figure E.5: Distributions of Pf at various boat speed in LR
259Figure E.6: Deﬁnition of deadrise angle for yachts by BV
Figure E.7: Longitudinal location of calculation points of aV in BV
260(a) Design area vs. u by BV sailing yacht (b) u vs. Slamming area factor k2
(c) Slamming area factor k2 vs. slamming pressure
Figure E.8: Relationship of design area and slamming pressure by BV sailing yacht
Figure E.9: Deﬁnition of deadrise angle for round bottom by DNV
261(a) Span of plating vs. CF
(b) CF vs. F
Figure E.10: Relationships of design area and design head reduction factor by ABS
ORY
262Appendix F
ANALYSIS OF TRANSIENT
RESPONSE OF PLATE
The governing equation of forced, undamped motion of simply supported
isotropic plate subjected to lateral load is [88],
D

@4w
@x4 + 2
@4w
@x2@y2 +
@4w
@y4

+ 
@2w
@t2 = p (F.1)
where,
w = Deﬂection = w(x;y;t),
p = Excitation load = p(x;y;t).
To solve this equation, use modal superposition method. The solution of the gov-
erning equation can be found as a form of,
w(x;y;t) =
1 X
m=1
1 X
n=1
Wmn(x;y)qmn(t) (F.2)
where,
qmn(t)= Unknown normal coordinate,
Wmn(x;y)= Mode shape of simply supported plate such that,
Wmn(x;y) =
2
p
ab
sin
mx
a
sin
ny
b
(F.3)
263By substituting the solution into governing equation, uncoupled form of govern-
ing equation can be obtained as,
 qmn(t) + !mnqmn(t) = Pmn(t) (F.4)
where,
!mn = Natural frequencies of simply supported plate,
Pmn(t) = Generalised force such that,
Pmn(t) =
Z a
0
Z b
0
Wmn(x;y)p(x;y;t)dxdy (F.5)
The loading or excitation, in this case, is half sine impulse pressure that the plate is
under impulse pressure of half sine shape. In the mathematical expression of the load
is,
p = p(x;y;t) =
(
Po sin t
t1 : 0  t  t1
0 : t  t1
(F.6)
where,
Po = Magnitude of impulse,
t1 = Duration time of impulse.
To calculate Pmn(t) for square plate,substitute Eq.(F.3) and Eq.(F.6) into Eq.(F.5)
and let a = b then,
Pmn(t) =
8aPo p
mn2 sin
t
t1
(m;n = 1;3;5;) (F.7)
When the relativity between duration time of excitation and natural period of
structure close to zero, it is known that Duhamel’s integral shows realistic results [88].
The solution of Eq.(F.4) can be found by using of Duhamel’s integral such that,
qmn(t) =
1
!mn
Z t
0
Pmn()sin[!mn(t   )]d (F.8)
264and the Eq.(F.8) can be calculated as two cases.
1. For the case of 0  t  t1,
qmn(t) =
8Poat1 p
mn2!mn
 sin(!mnt)   !mnt1 sin(t=t1)
2   t2
1!2
mn
(F.9)
2. For the case of t  t1,
qmn(t) =
8aPot1 p
mn!mn
sin(!mnt) + sin[!mn(t   t1)]
2   t2
1!2
mn
(F.10)
Thus, by Eq.(F.2), the deﬂection of squared simply supported plate are such that,
1. For the case of 0  t  t1,
w(x;y;t) =
1 X
m=1
1 X
n=1
16Pot1
mn2!mn
sin
mx
a
sin
ny
a
 sin(!mnt)   !mnt1 sin(t=t1)
2   t2
1!2
mn
(F.11)
2. For the case of t  t1,
w(x;y;t) =
1 X
m=1
1 X
n=1
16Pot1
mn!mn
sin
mx
a
sin
ny
a
sin(!mnt) + sin[!mn(t   t1)]
2   t2
1!2
mn
(F.12)
265Appendix G
NUMERICAL PROCEDURE OF
TRANSIENT CALCULATION
G.1 Transient Analysis
The governing equation of the linear dynamic response of a system of ﬁnite ele-
ments is represented as Eq.(G.1) which is the linear differential equations of second
order.
M u + C_ u + Ku = F(t) (G.1)
At a given time t, these equations can be thought of as a set of static equilibrium
equations in which inertia forces and damping forces are taken. There are two meth-
ods for the solution of Eq.(G.1) - the forward difference time integration method and
the Newmark time integration method. The forward difference method is used for
explicit transient analysis whereas the Newmark method and HHT method (an im-
proved algorithm of the Newmark method) are used for implicit transient analysis.
The ANSYS program uses the Newmark time integration method or an improved
method called HHT to solve these equations at discrete time points.
The Newmark method uses ﬁnite difference expansions in the time interval t in
which Eq.(G.2) and Eq.(G.3) are assumed,
_ un+1 = _ un + [(1   ) un +  un+1]t (G.2)
266un+1 = un + _ unt +

1
2
  

 un +  un+1

t2 (G.3)
where,
 ,  = Newmark integration parameters,
t = tn+1   tn.
For solution of the displacements, velocities and accelerations at time n + 1, the
governing equation at time n + 1 is evaluated as,
M un+1 + C_ un+1 + Kun+1 = F (G.4)
Solving Eq.(G.3) for  un+1 in terms of un+1 and then substituting for  un+1 into
Eq.(G.2) yields,
 un+1 = a0(un+1   un)   a2 _ un   a3 un (G.5)
_ un+1 = _ un + a6 un + a7 un+1 (G.6)
Eq.(G.5) and Eq.(G.6) are substituted into Eq.(G.4) to solve for un+1 yields,
(a0M + a1C + K)un+1 =
F + M(a0un + a2 _ un + a3 un) + C(a1un + a4 _ un + a5 un)
(G.7)
where,
a0 =
1
t2, a1 =

t
, a2 =
1
t
, a3 =
1
2
  1, a4 =


  1,
a5 =
t
2



  2

, a6 = t(1   ), a7 = t
Once the solution is obtained for un+1, velocities and accelerations are updated
through Eq.(G.2) and Eq.(G.3).
267The accuracy of integration and stability depends on the values of the Newmark
integration parameters,  and . The solution of Eq.(G.4) in terms of Eq.(G.2) and
Eq.(G.3) is unconditionally stable when,
 
1
4

1
2
+ 
2
;  
1
2
;
1
2
+  +  > 0 (G.8)
The complete algorithm of the Newmark integration method is given as below,
A. Initial calculation:
1. Form M;C;K,
2. Initialise u0; _ u0; u0,
3. Select the step t, parameters  and , calculate the integration constants
a0 to a7,
4. Form effective stiffness matrix ^ K,
^ K = K + a0M + a1C
5. Triangularise ^ K.
^ K = LDLT
B. For each time step :
1. Calculate effective loads at time t + t,
^ Fn+1 = Fn+1 + M(a0un + a2 _ un + a3 un) + C(a0un + a4 _ un + a5 un)
2. Solve for displacements at time t + t,
LDLTun+1 = ^ Fn+1
3. Calculate accelerations and velocities at time t + t.
 un+1 = a0(un+1   un)   a2 _ un   a3 un
_ un+1 = _ un   a6 un + a7 un+1
G.2 Solution
Three methods of solution for the Newmark method are available in ANSYS - Full
solution, reduced solution and modal superposition methods. In this study, the full
solution method is adopted.
268The full method uses the full system matrices to calculate the transient response
(no matrix reduction). It is the most general of the three methods because it allows all
types of nonlinearities to be included (plasticity, large deﬂections, large strain, etc).
The advantage of the full methods are,
 Easy to use, no need of choosing master degrees of freedom or mode shapes,
 Allows all type of nonlinearities,
 Uses full matrices, no mass matrix approximation is involved,
 All displacements and stresses are calculated in a single pass,
 Accepts all types of loads.
The disadvantage is that it is more expensive than either of the other methods.
The full solution method employs direct solver in which two solvers are available
- either Sparse Direct Solver or Wavefront Solver (Frontal solver). Direct solver uses direct
elimination process, primarily Gaussian elimination to solve a system of equations,
for example, Eq.(G.7) for the unknown variables u. The Sparse Direct Solver makes
use of the fact that the ﬁnite element matrices are normally sparsely populated. This
sparseness allows the system of simultaneous equations to be solved efﬁciently by
minimizing the operation counts. On the other hand, the Frontal Solver is designed
to minimize the memory used in the solution process although the operation count is
generally more than that of the Sparse Direct Solver.
Ku = F (G.9)
where,
K = Stiffness matrix,
u = Unknown nodal vector,
F = Applied load vector.
The direct elimination process involves decomposition (factorisation) of the matrix
K into lower and upper triangular matrices, K = LU. Then forward and back substi-
tutions using L and U are made to compute the solution vector u. In this study, the
Sparse Direct Solver is used.
269G.3 Sparse Direct Solver
The Sparse Direct Solver is based on a direct elimination of equations that poorly
conditioned matrices do not pose any difﬁculty in producing a solution. Applicable
to real-value or complex-value symmetric and unsymmetric matrices. This is an alter-
native to iterative solvers since it combines both speed and robustness.
The linear matrix equation Eq.(G.9) is solved by triangular decomposition of ma-
trix K to yield,
LUu = F (G.10)
where,
L = Lower triangular matrix,
U = Upper triangular matrix.
By substituting,
w = Uu (G.11)
u can be obtained by ﬁrst solving the triangular matrix system for w using the
forward pass operation given by,
Lw = F (G.12)
Then computing u using the back substitution operation on a triangular matrix
given by
Uu = w (G.13)
When K is symmetric, the above procedure use the substitution K = LLT or
K = L0DL0T where D is a diagonal matrix.
Therefore Eq.(G.10)to Eq.(G.13) become,
L0DL0Tu = F (G.14)
w = DL0Tu (G.15)
270L0w = F (G.16)
DL0Tu = w (G.17)
Since K is normally sparsely populated with coefﬁcients dominantly located
around the main diagonal, the Sparse Direct Solver is designed to handle only the
nonzero entires in K. In general, during the decomposition of K shown in Eq.(G.10)
or Eq.(G.14), non-zero coefﬁcients appear in L or L0 at coefﬁcient locations where K
matrix had zero entries. The Sparse Direct Solver algorithm minimises this ﬁll-in by
reordering the equation numbers in K.
G.4 Nodal and Reaction Load Calculations
Inertia, damping and static loads on the nodes of each element are computed.
The inertial load part of the element output is computed by,
Fm
e = Me ue (G.18)
where,
Fm
e = Vector of element inertia forces,
Me = Element mass matrix,
 ue = Element acceleration vector.
The acceleration of a typical DOF is given by Eq.(G.5) for time n+1. The acceler-
ation vector  ue is the average acceleration between time tn+1 and time tn, since the
Newmark assumptions assume the average acceleration represents the true accelera-
tion.
The damping load of the element output is computed by,
Fc
e = Ce _ ue (G.19)
where,
Fc
e = Vector of element damping forces,
271Ce = Element damping matrix,
_ ue = Element velocity vector.
The velocity of a typical DOF is given by Eq.(G.6).
The static load is part of the element output computed in the same way as in a
static analysis. The nodal reaction loads are computed as the negative of the sum of
all three types of loads (inertia, damping, and static) over all elements connected to a
given ﬁxed displacement node.
Further details can be found at [5].
272Appendix H
EQUIVALENT LAMINATE
PROPERTIES
Required quantities are given as [14] that,
 Ex =
1
h  A11
 Ey =
1
h  A22
 xy =  
 A12
 A22
 yx =  
 A12
 A11
 Gxy =
1
h  A66
where,
h = Total laminate thickness,
(x;y) = Orthogonal axes system refers to the direction of the applied forces.
The compliance matrix [  A] is the inverse of the extensional stiffness matrix [A] as
extracted from the plate laminate constitutive equation. The terms of [A] for a laminate
of n effective layers, where the term ’effective’ refers to the special treatment of multi-
axial laminae, may be expressed as,
Aij =
n X
k=1
k(  Qij)k(hk   hk 1) (H.1)
273The procedure to evaluate the required quantities are shown below 1 to 4.
1. k = Efﬁciency factor of kth ply (0.5 for balanced biaxial cloth, 0.25 for quadriax-
ial cloth).
2. hk = Distance of the kth lamina to the laminate centre-plane obtained from the
estimation of the laminate and individual ply thickness.
The rule of mixture gives the ply thickness as,
t =
Wa
fVf
(H.2)
where,
Wa = Area weight of ﬁbre of each ply [kg=m2],
Vf = Fibre volume fraction =
1
1 +
f
m

1
Wf
  1
,
Wf = Fibre weight fraction (taken as 0.5 in this study),
f = Fibre density [kg=m3],
m = Matrix density [kg=m3].
3. (  Qij)k is determined for each ply by following steps ;
The stiffness matrix for a unidirectional lamina can be written as,
[Q] =
2
6
6
4
Q11 Q12 0
Q12 Q22 0
0 0 Q66
3
7
7
5 (H.3)
where,
Q11 =
EL
1   LTTL
,
Q22 =
ET
1   TLLT
,
Q12 = Q21 =
TLEL
1   LTTL
,
Q66 = GLT,
274L;T = Axis system which refers to the ﬁbre orientation.
Again, the rule of mixture gives solutions such that,
EL = EfVf + Em(1   Vf),
ET =
EfEm
EmVf + Ef(1   Vf)
,
LT = fVf + m(1   Vf),
TL = LT
ET
EL
,
GLT =
GfGm
GmVf + Gf(1   Vf)
.
Note that it is assumed that, for a sandwich structure, the core purely responds to
shear whereas the skins alone determine the plate bending behaviour. This assump-
tion applies that GLT is equal to the shear modulus of rigidity of the core.
4. The average laminate density can be evaluated from,
av =
n X
k=1
ktk
n X
k=1
tk
(H.4)
where, the density of the kth ply being given by the rule of mixture that,
k = fVf + m(1   Vf) (H.5)
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Abstract: The hydrodynamic impact or hydro-impact phenomenon caused by slamming on racing 
yachts and the local structure’s response is studied experimentally. Pressure transducers and a 
special measurement system named ‘Slam Patch’ has been designed and implemented to 
measure the hydro-impact pressure and/or local structure’s response. The measurement systems 
are installed on a 1/7-scaled model of Open 60 yacht. Modal, rotational drop and seakeeping-
slamming tests are carried out. The measured hydro-impact pressure is processed statistically. A 
methodology to scale up the test result to prototype is mentioned. At the same time, the transient 
response of simple structure under half-sine impulse is calculated using commercial finite element 
analysis program to study the effect of the relativity between impulse duration and natural 
frequency of the structure. 
 
Keyword: design, experimental methods, hull, hydrodynamics, model testing, slamming, structure 
 
NOMENCLATURES 
FRF  Frequency Response Function 
HD   Drop height 
Hw  Wave height 
P/D   Probability Distribution 
PEX   Extreme peak pressure 
PP
                                           
   Peak pressure 
P/T   Pressure Transducer 
QI   Impulse quantity 
S/P   Slam Patch 
TD   Duration time 
TR   Rise time 
V   Speed of boat 
 
1 INTRODUCTION 
The weight is a governing factor for the speed of a racing yacht. To maximise the speed to 
win a race, optimisation of the structure is the key as to whether the race area is calm 
water like America’s Cup or severe sea of the Southern Ocean as in Vendée globe or 
Volvo Ocean Race. Though the speed of the boats increases by the usage of light and stiff 
material, structural damage by slamming is still significant, reported by Bunting and 
Sheahan (2009). It is expected that the structural damage may be influenced by global 
hydro-elastic behaviour by waves and/or local hydro-impact by slamming.  
Starting with the work of von Karman (1929), various research works have been carrying 
out in naval architecture (Ochi and Motter, 1973; Faltinsen, 2000; Kapsenberg et al., 2003), 
motorboat (Heller and Jasper, 1961; Stavovy and Chuang, 1976; Savitsky and Brown, 
1976; Allen et al., 1978) and sailboat (Joubert, 1982; Reichard, 1984; Hentinen and Holm, 
1994; Joubert, 1996;) in parallel with rules and regulations (ABS, 1994; ISO, 2008; BV, 
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  12008). Nonetheless, as pointed out by Manganelli (2006), Bunting and Sheahan (2009) 
respectively, a growing number of engineers and researcher agree on the need for more 
accurate knowledge on the hydro-impact problem in sailboat as new problems appears in 
the continuously enhancing performance of sailboat. In this regard, hydro-impact in the 
waves during slamming is the subject of this study. 
 
Firstly, a specially built measurement system named ‘Slam Patch’ is designed and 
implemented with pressure transducers on a model boat and a series of hydro-impact 
tests is carried out. This slam patch system, which is based on the force transmissibility, is 
designed to represent the local structure of the boat and/or a simple pressure/force 
transducer as a transition device in-between pressure transducer and strain gauge. It is 
found that the slam patch system can be implemented to measure the total response of 
local structure which can be divided into two components – hydro-impact load and 
vibration behaviour of local structure under fluid structure interaction. 
Secondly, various measurement systems are installed in the model of an Open 60 and 
hydro-impact tests are carried out - rotational drop test and seakeeping-slamming test. In 
the drop test, it is found that as drop height increased, which means impact velocity 
increases, the transient response of structure is significant which far exceeds the 
magnitude of the hydro-impact load itself measured at pressure transducer because of 
either the existence of resonance of structure or the location of pressure transducer which 
is at the perimeter of slam patch or sampling rate limitation. In the seakeeping-slamming 
test, because of the limitation of wave height, a maximum 0.2m waves in model scale is 
used to find the hydro-impact load. It is found that in the wave height of 0.2m, the 
measured response of the slam patch system is pure hydro-impact load or slightly coupled 
with the structure’s resonance. The measured signals are processed statistically to predict 
the general trend of the hydro-impact phenomenon. 
 
2  DESIGN OF SLAM PATCH SYSTEM 
Various instruments can measure the hydro-impact load – pressure transducer, pressure 
panel, strain gauge or accelerometer. Each instrument has its own merits and demerits. 
For example, pressure transducer can measure exact pressure at a given point but can 
miss the highest-pressure value. The strain gauge and accelerometer can measure the 
total response of structure when the structure impacts on fluid but the hydro-impact load 
by fluid cannot be inferred when the exact response of the structure is unknown. The 
concept of the slam patch system, which belongs to pressure panel category, is to 
measure the impact load by fluid and/or to measure the response of a structure. To design 
the system, the duration and the peak pressure of hydro-impact by slamming must be 
known, so the components of net hydro-impact load and response of structure can be 
separated or coupled.  
In the study of Manganelli et al. (2003), a slam patch system is configured to find out the 
hydro-impact load and hydro-elastic effect. In their study, the slam patch system is 
assumed as a 1-DOF system. The 80 by 80mm slam patch is designed and tested in dry 
and wet modes
3. It is found that, in dry mode, the linear range before the first resonance 
are up to the range between 300Hz and 400Hz. Corresponding linear range in wet mode 
are 200Hz. After the slamming tests, hydro-impact signals are filtered to eliminate the 
resonant response of the slam patch system.  
In this study, dynamic behaviour of the slam patch system is investigated in a further 
degree. Figure 1 shows the slam patch system in this study.  
 
                                            
3 Dry mode: when the structure is in vacuo, Wet mode: when the structure is in or on water. 
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Figure 1. Slam patch system (left: schematic, right: prototype) 
    To reduce the filtering process, which means that the frequency range of the hydro-
impact load and the resonance of the slam patch system are mutually exclusive, the 
boundary where the system is attached is reinforced. Numerical calculation and modal 
testing are carried out to measure the force transmissibilities in dry and wet modes. In the 
modal testing, direct and transfer FRFs are obtained. However, in the wet mode, direct 
FRF is impossible to obtain, only transfer FRFs are compared which is shown in Figure 2. 
 
Transfer 
Response 
Direct 
Fluid domain 
Figure 2. Measurement in modal testing 
 
It is found that the slam patch system behaves like a cantilever beam with a mass at the 
free end, which is shown in Eqs (1), (2) and Figure 3. 
  
m 23 . 0 + M
L / EI 3
= m / k = ω = f π 2
3
eqT T T T   …………………………………………………. (1) 
m 33 . 0 + M
L / EA
= m / k = ω = f π 2 eqL L L L   …………………………………………………. (2) 
 
Where, 
  3f,  ω = frequency in Hz and rad/sec respectively 
kT, kL = effective stiffness of beam in transverse and longitudinal ways respectively 
meqT, meqL = effective mass in transverse and longitudinal ways respectively 
M, m = mass at the free end of beam and mass of beam respectively 
E = Young’s modulus of beam 
A = Section area of beam 
I = Moment of inertia of beam section 
L = Length of beam 
 
m
Transverse
M 
Longitudinal
Figure 3. Cantilever beam with a mass at the free end 
 
In the numerical calculation, the natural frequencies are 481Hz, 580Hz, 593Hz and 
1343Hz in dry mode and 345, 371, 535 and 805 Hz in wet mode. After modal testing, the 
acceptable linear ranges where force transmissibility is unit (= 1) are up to 500Hz in dry 
mode and up to 250Hz in wet mode. Figure 4 shows the transfer force transmissibilities of 
six slam patches in dry and wet modes. In the figures of dry and wet mode, each line is the 
transmissibility from one impact test whereas the bold line is average transmissibility. 
 
 
(a) Slam patch 1 in dry mode                         (b) Slam patch 1 in wet mode 
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(c) Slam patch 2 in dry mode                         (d) Slam patch 2 in wet mode 
     
(e) Slam patch 3 in dry mode                         (f) Slam patch 3 in wet mode 
     
(g) Slam patch 4 in dry mode                         (h) Slam patch 4 in wet mode 
  5     
(i) Slam patch 5 in dry mode                         (j) Slam patch 5 in wet mode 
    
(k) Slam patch 6 in dry mode                        (l) Slam patch 6 in wet mode 
Figure 4. Force transmissibilities (transfer FRFs) of slam patches 
 
3  ROTATIONAL DROP TEST 
The objectives of the rotational drop test are, 
 
•  To assess the behaviour of the slam patch when measuring the hydro-impact load, 
•  To measure the hydro-impact load and/or response of structure with regard to drop 
height. 
 
The test is carried out with a 1/7-scaled model of an Open 60 yacht on calm water, with 
three slam patch systems, four pressure transducers, one potentiometer and one 
accelerometer installed on the fore body of the model.  Figure 5 and Table 1 show the 
details of the yacht in this study. 
  6 
Figure 5. Body plan of Open 60 (Finot-Conq design, France) 
 
Table 1. Principal characteristics of Open 60 (Finot-Conq design, France) 
Principals Values 
Displacement 11,290  (kg) 
LWL 16.968  (m) 
BWL 3.89  (m) 
Draught (bare hull)  0.405 (m) 
Deadrise angle at 0.5LWL (Station 5)  20, 7.5, 4.5
4 (degree) 
 
The fundamental hardware configuration in drop test and seakeeping-slamming test are in 
Table 2. 
Table 2. Key hardware 
Item Model  Remark 
A/D converter  PCM-DAS08  24 kHz 
DAQ system  Labview 8.0 
Turboad 
Sampling rate: 3125 Hz 
Sampling rate: 1512 Hz 
Slam patch  In house made  ± 40 kPa 
Pressure transducer  RDP A105  344.7 kPa 
Amplifier RDP  600   
Accelerometer  Endevco 2256  ± 50g 
Potentiometer  In house made   
 
The locations of measurement and set up in the drop test are shown in Figure 6. The 
accelerometer is attached to the reinforcement structure over the slam patch 2. 
 
 
(a) Test set up 
                                            
4 By the definitions of ISO, BV and DNV respectively, however, the local deadrise angles at the bottom area 
where the slam patches are installed are flat, i.e. 0º. 
  7     
 
(b) Instruments installation               (c) Instruments installation 
Figure 6. Rotational drop test set up 
 
Figure 7 is the typical result of the drop test where, around the four corners of slam patch 3 
(slam patch 380), four pressure transducers are installed.  In this case, drop height is 4cm 
from the bottom of the slam patch 3 (slam patch 380) to water surface. 
 
    
  (a)Time histories of P/Ts                           (b) Power spectrums of P/Ts 
 
   
  (c) Time histories of S/Ps                        (d) Power Spectrums of S/Ps 
  8 
   
      (e) Time history of accelerometer                 (f) Time history at potentiometer 
Figure 7. Typical test result (drop height = 0.04m) 
 
Note that the magnitude and power of accelerometer are severely high, so to speak, over 
40g. Consistent results are acquired during the other drop height, which the pressure at 
slam patch is greater than the pressure at pressure transducer. This is because of either 
the dynamic load factor (resonance) of the structure is within the range of excitation or the 
pressure transducer is at the perimeter of slam patch such that the first highest impact 
occurs at the slam patch. However, the perimeter assumption can be unjustified since the 
three slam patches show a similar degree of pressures shown at (c) of Figure 7. 
On the other hand, the possibility of missing the peak at pressure transducer cannot be 
excluded because of the relatively low sampling rate of 3125Hz, since it is recommended 
that at least 20kHz of sampling rate is needed to measure the hydro-impact signals in 
pressure transducer (Campbell and Weynberg, 1979; Wraith, 1998; Kwon et al., 2005).  
 
In the series of drop and sloshing tests by Kwon et al. (2005), he found that over the 
sampling rate of 20kHz, extraordinary high peak pressure, which was undetected in low 
sampling rate, had been found. Thus, pressure transducers underestimate the original 
signals of impact pressure in this case. Figure 8 supports the former case, where the 
structure is flexible that the dynamic load factor or resonance plays a significant role. It 
shows typical hydro-impact force and its power spectrum density as the drop height 
increases. 
 
 
    (a)Time history of hydro-impacts               (b) Corresponding power spectrums 
Figure 8. Four hydro-impacts (1~4) and corresponding power spectrums 
 
  9No. 4 in Figure 8 is the case of the lowest drop height where the hull bottom just touches 
the water by surface tension effect. No. 1 is the case of the highest height of 0.4m where 
the signal is clipped off - the maximum capacity of the slam patch system is 290N (nominal 
capacity is 250N). As the drop height increases, the range of frequency that contributes 
the power of the hydro-impact also increases.  This means that as the drop height 
increases, the response of a structure includes the components of resonant of the 
structure as the frequency range is extended.  
Figure 9 shows the relationships between various variables in the drop test. The data is 
fitted by 1
st and 2
nd degree polynomials. 
 
 
     (a) Pp VS HD at P/Ts                                     (b) Pp VS HD S/Ps 
   
      (c) TD VS HD at P/Ts                                        (d) TD VS HD at S/Ps 
Figure 9. Hydro-impact characteristics in drop test. 
 
The peak pressure has linear relationship to drop height in both pressure transducers and 
slam patches cases shown at the Figure 9 (a) and (b). The relationship between peak 
pressure and impact velocity is omitted which also shows a linear relationship since the 
  10impact velocity is the function of drop height. Duration time is important factor in the 
calculation of the structural response to the impulse. In this case, both pressure 
transducers and slam patches show converging tendency as the drop height increases 
shown at the Figure 9 (c) and (d) even though it is interpolated by linear function because 
of the scarcity of the data. This will be investigated further in seakeeping-slamming test in 
next chapter. 
In this drop test, it is found that, 
•  Low pressure is detected at pressure transducer because of the low sampling rate 
limit 
•  As the drop height increases, magnification is dominant in slam patch. However, at 
present, it is difficult to detect the fluid-structure interaction effect (for example, 
reduction of peak pressure), because there is no evidence with regard to the 
response of slam patch in vacuo when same impact load is applied. 
 
4 SEAKEEPING-SLAMMING  TEST 
Series of seakeeping-slamming tests are carried out in regular waves. The test matrix is 
given in Table 3, where wave frequency (fw) wave height (Hw) and boat speed (V) are 
parameters. Measurement location is shown at Figure 10 (a) where slam patches are lined 
upon the centre of fore-body (station 2.5 to 4) of the model. On contrast to the drop test, 
the sensors are distributed to see the longitudinal distribution of hydro-impact pressure. 
 
Table 3. Seakeeping-slamming test matrix 
Item  Model scale  Full scale 
Wave frequency (fw)  0.4 ~ 0.95 Hz with 0.05 Hz increment  0.15 ~ 0.36 Hz 
Wave height (Hw)  0.1/ 0.15/ 0.2 m  0.7/ 1.05/ 1.4 m 
Boat speed (V)  1.5/ 2/ 2.5 m/s  7.7/ 10.3/ 12.8 knots 
 
 
                (a) Measurement location                                 (b) Testing   
Figure 10. Seakeeping-slamming test set up 
  114.1  On specific locations 
In the seakeeping-slamming test, the foremost area shows greatest peak pressure 
consistently through the test matrix. The hydro-impact pressures measured at slam patch 
are well within the capacity of slam patch, which implicitly means that the drop height or 
impact velocity is relatively in smaller range than the drop test. The results at the foremost 
area of pressure transducer 1 and slam patch 1 are processed statically and presented in 
Figure 11 as of the relationship based on various boat speeds. 
 
 
(a) Pp distribution at Hw = 0.1m  (P/T 1)       (b) Pp distribution at Hw = 0.2m (P/T1) 
 
(c) Pp distribution at Hw = 0.1m  (S/P 1)        (d) Pp distribution at Hw = 0.2m  (S/P 1)  
Figure 11. Peak pressure (Pp) VS wave frequencies at P/T 1 and S/P 1 at wave height 
(Hw) of 0.1 and 0.2m in seakeeping-slamming test  
 
In these test results, significant hydro-impact pressures are detected at, 
•  The wave frequency of 0.65 ~ 0.75 Hz, 
•  The foremost area of pressure transducer 1 and slam patch 1, 
•  The higher wave height of 0.2m. 
 
  12Figure 12 and Figure 13 are the corresponding histograms and probability distributions of 
pressure transducer 1 and slam patch 1 at the specific wave height and boat speed. The 
histograms are fitted by Gamma and Weibull distribution functions. Gamma distribution 
shows slightly better fitting throughout the histograms (has greater maximum likelihood of 
1% and smaller variance of 3% than Weibull distribution in goodness-to-fit analysis).   
 
 
(a) Hw=0.1m, V=1.5m/s                                  (b) Hw =0.1m, V =2.0m/s 
 
(c) Hw =0.1m, V =2.5m/s                                  (d) Hw =0.2m, V =1.5m/s 
  13 
(e) Hw =0.2m, V =2.0m/s                                 (f) Hw =0.2m, V =2.5m/s 
Figure 12. Histogram and probability of pressure transducer 1 at seakeeping-
slamming test 
 
(a) Hw =0.1m, V =1.5m/s                                 (b) Hw =0.1m, V =2.0m/s 
 
(c) Hw =0.1m, V =2.5m/s                                  (d) Hw =0.2m, V =1.5m/s 
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(e) Hw =0.2m, V =2.0m/s                                  (f) Hw =0.2m, V =2.5m/s 
Figure 13. Histogram and probability of slam patch 1 at seakeeping-slamming test 
 
The highest peak pressure is not necessarily a function of boat speed in the case of wave 
height of 0.1m, whereas wave height of 0.2m shows opposite situation where the highest 
peak pressure depends on the boat speed.  
 
4.2 On the all locations in the entire test matrix 
In the previous section, pressure transducer 1 and slam patch 1 show the highest and 
significant hydro-impact pressure. Figure 14 shows the hydro-impact characteristics at all 
locations within the entire test matrix. By doing so, the hydro-impact characteristics such 
as peak pressure (Pp), duration time (TD), rise time (TR) and impulse quantity (QI) in the 
bottom area of the model can be traced. 
In (a) and (b) of Figure 14, it is confirmed that the pressure transducer 1 and slam patch 1 
show the highest distribution of the peak pressure.  As the peak pressure increases, the 
duration time and rise time converge. 
 
   
(a) Pp at P/Ts                                                  (b) Pp at S/Ps  
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 (c) Pp VS TD at P/Ts                                       (d) Pp VS TD at S/Ps 
 
(e) Pp VS TD at S/P 1                                         (f) TR at P/Ts 
 
 
(g) TR at S/Ps                                                  (h) TR at S/P 1  
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(i) QI at P/Ts                                                   (j) QI at S/Ps 
Figure 14. Hydro-impact characteristics at all locations in the entire test matrix 
 
Corresponding histograms and probability distributions (P/D) in the entire test matrix are 
shown in the Figure 15. The pressure at the slam patch 2 and 3 and acceleration tends to 
the exponential distributions, which is the area where relatively lower pressure occurs. 
Note that the pressure 40kPa in model scale corresponds to 280kPa in full-scale boat 
based on the Froude’s’ law. The exceptional high acceleration of 50g in Figure 15 (h) is 
the response of the local structure. It must be noted that the local structure where the 
accelerometer is attached is in vacuo and not investigated in this case, however, it is 
inferred that the excessive power up to higher frequency range contributes this 
extraordinary acceleration.  
 
 
     (a) Histogram and P/D at P/T 1                   (b) Histogram and P/D at P/T 2 
 
  17 
      (c) Histogram and P/D at P/T 3                   (d) Histogram and P/D at P/T 4 
 
  (e) Histogram and P/D at S/P 1                      (f) Histogram and P/D at S/P 2 
   
           (g) Histogram P/D at S/P 3                   (h) Histogram P/D at Accelerations  
Figure 15. Histogram and Histogram P/D at all locations in the entire test matrix 
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The extreme peak pressures (PEX) are selected from each runs and taken into the 
calculation of the extreme value distribution. Figure 16 shows the extreme value 
distribution such that the concave start in the QQ plot suggest the Fréchet type distribution. 
Extremely high peak pressure like 80kPa can be expected with very low probability, which 
corresponds to 560kPa in full-scale boat.  
 
   
    (a) QQ plot of PEX at P/Ts and S/Ps      (b) Extreme value distribution (Fréchet type) 
 
(c) CDF of extreme value 
Figure 16. Extreme value distribution 
 
5  NOTE ON SCALE METHODOLOGY 
Scaling the test results up to the full-scale is another challenge to solve. Since the 
boundary condition and natural behaviour of slam patch are different to the hull plate of the 
prototype, it is difficult to justify the usage of the system. However, if reasonable 
assumptions can be made, then the slam patch system can be a distorted model to the 
hull plate of the prototype.  
  19First of all, the slam patch system measures a force response to an external force. The 
measured force has two components i.e. net hydro-impact force and structural response of 
slam patch system itself. Segregation of the component of forces solely depends on the 
system’s natural behaviour and characteristics of external force. In some cases of drop 
test, because the measured data contains the structure’s natural behaviour, it is difficult to 
separate the net hydro-impact force and structure’s resonant response. However, using a 
filtering process to eliminate the component of frequencies where resonance of structure 
exists, the hydro-impact force can be estimated. In the case of seakeeping-slamming test, 
the response is mainly hydro-impact force because the frequency range is well below the 
structure’s resonance range and it can be justified to use the slam patch to measure the 
external hydro-impact load or slightly coupled with the structure’s resonance.  
Secondly, in this test, the first object is to measure the hydro-impact force and second is to 
find the hydro-elastic effect of the local structure under hydro-impact. So, to find the 
natural characteristics of the slam patch system, FRF of force transmissibility is plotted. If 
the force transmissibility between model and prototype are assumed to be the same, the 
Froude’s law can be applied, where frequency is scaled-up 1/λ
1/2 and the force 
transmissibility remains the same since the force transmissibility is receptance/receptance 
(Mead, 2000), where one familiar receptance used in naval architecture is the transfer 
function.  
Furthermore, since impulse has the dimension of force and time, if the force is scaled by λ
3 
or pressure by λ, and time is λ
1/2, the quantity of (force) impulse can be scaled up by λ
7/2 or 
quantity of pressure impulse by λ
3/2. It may need a deeper study to find the exact scale law 
on the hydro-impact and FSI problem that the Froude’s law can be adopted in the hydro-
impact problem. 
 
6  TRANSIENT RESPONSE OF SIMPLE STRUCTURE 
Carrying out the transient response of Open 60 yacht under the hydro-impact based on the 
test results is remained for further study. Before that, simple a structure is studied to give 
an insight into the structural dynamics under an impulse. In this study, a cantilever beam 
and a simply supported plate under half sine impulse are studied analytically and 
numerically. 
A qualitative approach is tried to see “relativity” between structure’s natural characteristics 
and applied impulse load. An impulse is quantified by the shape of impulse and its duration 
time and is a key factor in calculation of structure’s transient response where the impulse 
is applied on (Harris and Piersol, 2002). Since the shapes are various in the test, it is hard 
to decide the representative shape of impulse and duration time. This remains for further 
study. In this calculation, half sine function is employed to see the relativity.  
6.1 Clamped  Beam 
Two cases are of interest. One is such that the relative time difference between the 
structure’s first natural frequency and duration time of impulse are high, low and zero by 
changing the Young’s modulus of material and the other is by added mass on the beam. 
To clarify the response easily, “clamped beam” is selected and simulated in commercial 
finite element analysis program ANSYS™. The main parameters in this simulation are 
listed in Table 4 and Table 5.  
 
 
 
 
 
 
  20Table 4. Parameter 1 - Changing the Young’s modulus 
 
Geometry 1m×0.05m×0.05m 
Young’s modulus  2, 32, 128GPa 
Poisson’s ratio  0.3 
Density 2100kg/m
3 
Load magnitude  5000N 
Duration of impulse  5ms 
Impulse shape  Half sine 
1
st fn of structure  50, 200, 500Hz 
Table 5. Parameter 2 - Adding mass 
Geometry 1m×0.05m×0.05m 
Young’s modulus  108.6 GPa 
Poisson’s ratio  0.35 
Density 1700kg/m
3 
Added mass (per unit length)  0, 5, 10, 20, 30kg 
Load magnitude  5000N 
Duration of impulse  5ms 
Impulse shape  Half sine 
 
    The transient responses at the mid point of the clamped beam with various Young’s 
modulus are shown in Figure 17 and Table 6. 
 
 
     a) fn =50Hz                               b) fn =200Hz                           c) fn =400Hz 
Figure 17. Deflections to half-sine impulse with various Young’s modulus 
 
Table 6. Responses at various Young’s modulus 
fn  Static (mm)  Ratio to 50 Hz (%)  Transient (mm)  Ratio to static (%) 
50 25.04  100  23.08  92.17 
200 1.56  6.23  2.65  169.8 
400 0.39  1.55  0.491  125.8 
  21It can be seen from the results that when the relativity is zero where fn is 200Hz and 
duration time of impulse is 5ms, transient/static ratio (170%) is bigger that other cases 
(92% for fn=50Hz and 126% for fn=400Hz). However, as the natural frequency of the 
structure increases, the responses to static and impulse loads are significantly decreased. 
The transient responses at the mid point of the clamped beam with various added mass 
are shown in Figure 18 and Table 7. 
 
    
 a) Mass = 0kg                           b) Mass = 5kg                        c) Mass = 10kg    
Figure 18.  Deflections to half-sine impulse with various added mass 
 
Table 7. Responses at various added mass 
Added mass  fn  Static (mm)  Transient (mm)  Ratio to static (%) 
0 410  0.46  0.57  123 
5 278  0.46  0.70  152 
10 224  0.46  0.76  165 
 
Similar results can be found such that as the added mass increases, fn decreases. At the 
same time, the transient deflection and the transient/static ratio also increase. Generally, 
when a simple structure is in or on the water, because of the role of added mass of water, 
the natural frequency of the boat in terms of local and global structure reduces  (Kwak, 
1996; Ramachandra and Meyer-Piening, 1996). 
As shown at Figure 17 and Figure 18, when the duration time of the impulse approach the 
1
st natural period of the structure, the ratio of transient deflection to static deflection is 
getting bigger. This is where the structural designer of boat must avoid. Higher stiffness 
does not guarantee a safe hull unless the effect of the added virtual mass or the behaviour 
of the structure in wet mode under hydro-impact is known.   
6.2  Simply Supported Plate 
Firstly, simply supported plate in dry mode under half sine impulse (impulse pressure on 
the plate with half sine shape in time domain) is studied. Using modal superposition 
method and Duhamel’s integral, analytical solution of transient response of simply 
supported plate under half sine impulse can be obtained. On the other hand, numerical 
  22solution using commercial finite element analysis code is found to compare the results to 
the analytical solution. Table 8 is the results of the comparison. 
 
Table 8. Responses of simply supported square plate 
(a) Specification of calculation 
Geometry  1m × 1m × 0.005m 
Material Steel 
Load magnitude  5kPa 
Duration of impulse  0.04, 0.1, 1 sec 
Impulse shape  Half sine 
1
st fn of structure  50, 200, 500Hz 
 
(b) Natural frequency of the plate in Hz 
Mode  Mode shape  Analytical  Numerical  Difference (%) 
1 (1,1)  25.40  25.33  0.27 
2 (1,2)  63.52  63.19  0.51 
3 (2,1)  63.52  63.19  0.51 
4 (2,2)  101.63  100.53  1.08 
 
(c) Maximum deflections in mm to various loadings 
Maximum deflection (mm) 
Loading type  Analytical  Numerical  Difference (%) 
Static 8.87  8.79  0.90 
Dynamic (duration time=0.04 sec)  15.46  15.37  0.58 
Dynamic (duration time =0.1sec)  9.75  9.99  2.40 
Dynamic (duration time =1sec)  9.03  9.04  0.11 
 
So far, the calculation results are based on a relatively very simple structure. The structure 
of the boat is relatively complex, it is expected that the local complexity (which means that 
the natural characteristics will be different area by area) will play an important role in the 
dynamic response in terms of deflection, stress or strain with or without the water.  
 
7 CONCLUSIONS 
Through this study, it can be found that, 
•  Slam patch system can be used to measure the hydro-impact load and/or local 
structure’s response to an external load if well designed to represent the local 
structure in terms of force transmissibility. 
•  To segregate the components of slam patch’s response to net hydro-impact load by 
fluid and resonant response of slam patch, the resonant frequencies of slam patch 
must be well beyond the hydro-impact load range. On the other hand, in the case of 
trying to find the response, which has a specific representative structure’s natural 
characteristics from full-scale prototype, the slam patch must be designed and 
implemented in terms of the same transmissibility between the model and the full 
scale. 
•  The natural frequencies at the dry mode are consistently decreased as the slam 
patch is in wet mode. 
  23•  In the drop test, as drop height increases, slam patch’s measurement is consistently 
greater that the pressure transducer’s because of the existence of slam patch’s 
natural characteristics of resonance. However, the possibility of the sampling rate 
problem still exists. 
•  In the seakeeping-slamming test, the measured force/pressure is far lower than the 
drop test result and since the measurement is well below the structure’s resonance 
range, it can be said that the measurement is net hydro-impact load. 
•  Gamma and Weibull distributions show good agreement with the histograms. 
•  As the relativity between external impulse and natural behaviour of structure close 
to zero, transient response increases in terms of transient/static deflection ratio in 
the simply structures. 
•  Qualitatively, the local structures will response to the external hydro-impact load as 
the slam patch responses. 
 
Nonetheless, a couple of recommendations for further can be provided that, 
•  Slam patch must be studied in further details to overcome the resonant problem 
when the object is to measure the net hydro-impact load 
•  Wave matrix in the seakeeping-slamming test must be reflect the real sea condition 
where the boat operates, for example, irregular waves, steep waves or higher wave 
height 
•  The sampling rate must be re-considered over 20kHz to investigate the accurate 
hydro-impact pressure. 
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